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ABSTRACT 
The performance of a planar Frequency Selective Surface (FSS) cannot be changed or 
adapted once the manufacturing process has been completed. In practice, however, it 
would be advantageous to be able to do so, in order to increase flexibility of 
performance in multiband systems for example. This thesis examines a novel 
electromagnetic technique that has been developed, whereby the frequency and/or the 
angular response of FSS's can be tuned in situ over a wide range of frequencies 
and/or steering angles. The technique employed is passive and relies upon the 
displacement of closely separated (and therefore closely coupled) arrays with respect 
to each other. A global loading of the array results so that the reconfigurable FSS 
(RFSS) will produce a broadband and/or multibeam response without altering the 
individual array design. 
The experience and understanding gained during this work was subsequently used to 
produce FSS responses of extreme angular stability. In this case a static, double layer 
structure has been used to make use of the high coupling between the layers i. e. two 
FSS's printed on a single dielectric substrate to form a close coupled FSS (CCFSS). It 
was found that the coupling between the two layers was highly dependent on the 
relative displacement between arrays. This displacement is introduced statically 
during the manufacture of the FSS. The cases described use two identical layers. A 
further development of this concept makes use of complementary conducting and 
aperture elements giving rise to a complementary FSS (CFSS). The CFSS is also 
manufactured on a common dielectric and produces ultra stable resonant frequencies 
for both TE and TM oblique incidences. 
Theoretical verification of the measured results has been achieved, and the measured 
and predicted results agreed very closely. Modal analysis, using a novel coupled 
integral equation technique, has been used to predict the response of the RFSS and 
CFSS. The correlation between the predicted and measured transmission response of 
the RFSS was very good and it was discovered that operational stability of the 
bandwidths and band spacing ratios were significantly improved over conventional 
static FSS. 
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CHAPTER 1 
Introduction to Reconflgurable Frequency 
Selective Surfaces 
1.1 Introduction to FreQuencv Selective Surfaces 
Frequency selective surfaces (FSS) are, in basic form, passive microwave filters. They 
consist of arrays of thin metallic [1,2] or aperture [3] elements contained within 
periodically distributed unit cells. The elements can have many forms depending on the 
particular application and perforinance required. Examples of elements used for FSS 
include rings [4], square loops [5], tripoles [61, Jerusalem cross [71 and cross dipoles [8]. 
The nature of the array elements, be they conductors supported by a dielectric substrate [21, 
or apertures within a metallic sheet, largely determines the resonant properties of the FSS 
(also referred to as dichroic surfaces). In the former case the array is capacitive and at 
resonance the FSS is highly reflective, whereas the latter case produces an inductive effect 
I 
4. - 
C 
C-) 
ci 
0 
C. ) 
C 
0 
U) 
U) 
E U) 
C 
frequency No 
Fig. 1.1. Transmission response of an FSS array of conducting elements 
0 
Q 
c 
0 
E 
V) c CZ 
frequency IN- 
Fig. 1.2. Transmission response of an FSS array of aperture elements 
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and the FSS is very highly transparent at the resonant frequency. Example transmission 
responses of the two types of FSS are shown in Figs. 1.1 and 1.2. The difference between Z-- 
the stopband and passband characteristics can be clearly seen. In each casej, represents the 
resonant fi-equency and is determined primarily by the dimensions of the element used. 
Some examples ofFSS elements are shown in Fig. 1.3. 
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Fig. 1.3. Examples of FSS elements 
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The primary applications for FSS are in antenna systerns, be they fixed or mobile, for 
example [8,91. The ability of an FSS to allow multiband transmission from a single, fixed 
systern was widely used in satellite applications 110,111, and curved FSS have been 
considered for Lise in radome technology, for example, [12,131. In recent years the general ltý ý 
Cross dipole 
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subject area of FSS has expanded to such an extent that two books have recently been 
published on the subject [14,15]. 
The work presented in this thesis is concerned with the combination of two FSS in close 
proximity and the transmission responses of such structures. Previously, multilayer FSS 
have been studied in order to produce a multiband response for specific applications at 
fixed frequencies. There are certain limitations associated with this approach insofar as the 
frequencies of operation cannot be changed for a particular FSS, and the necessary stability 
of the response with the angle of incidence of plane wave illumination is difficult to 
achieve. This thesis addresses these problems in two ways. Firstly, a reconfigurable FSS 
(RFSS) is introduced whereby the frequency response of a two layer FSS structure is tuned 
over a certain frequency range, as shown in Fig. 1.4. 
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Fig. 1.4 Tuning range of RFSS with conducting elements 
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f, f, 
The RFSS has an upper and lower frequency limit, f,, and f, respectively, which will be 
largely defined by the element and lattice dimensions, and the separation between the 
layers. Theoretically, any frequency between these limits should be obtainable as the 
resonant frequency of the RFSS. This is achieved by introducing a variable, lateral relative 
displacement between the two layers, thereby altering the coupling between them [16]. The 
coupling developed between the layers using this dynamic system can be maxin-dsed for 
any displacement by permanently aligning the layers during the manufacturing process. 
This structure has been called a close coupled FSS (CCFSS). Although this then becomes a 
static system, the FSS exhibits a very stable frequency response [17,18]. The RFSS and 
CUSS can be implemented with either conducting or aperture elements in each layer, 
depending on whether one wishes to have a stopband or passband at resonance. A 
development on this theme is a variation to the CCFSS; in which a layer of conductors and 
a layer of apertures are placed in close proximity to one another giving a complementary 
FSS(CFSS). 
1.2 Organisation of the Thesis 
This thesis is comprised of five chapters with the main thrust of the work described in 
Chapters 2,3, and 4. 
Chapter 1 acts as an introduction to the work carried out in the body of the thesis. Initially 
some brief background comments are made regarding the overall subject of FSS, although 
for a fuller description one could, for example refer to [14]. The area of multilayer FSS is 
introduced thereby giving an outline of the motivation behind the thesis, and the aims are 
set out. Also included in Chapter I is a description of the concept of the RFSS, which gives 
an outline of the principles involved. 
Chapter 2 considers multilayer FSS using conducting elements as both RFSS and CCFSS- 
The underlying theory of the modal analysis used to predict the FSS behaviour is detailed 
in order to provide a sound understanding of the theory of the specific cases considered in 
the thesis. A mathematical model is developed which allows for the prediction of the 
transmission properties of both RFSS and CUSS combining two distinct arrays, each 
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backed by a supporting dielectric substrate. The model also includes the capability to 
include a relative lateral displacement between the arrays, by which the coupling between 
them can be varied, and hence the transmission response is varied also. Comparisons 
between measured and predicted results are presented for representative dipole array 
designs and the performance of the arrays in terms of tuning ranges and stability with 
respect to the angle of incidence of the incident plane wave radiation is discussed. 
Chapter 3 describes the use of two layers of aperture elements as multilayer FSS. A model 
is developed whereby two layers of apertures can be analysed in both RFSS and CUSS 
configurations in terms of their transmission response. Results are presented for various 
dipole arrays and comparisons between measured and predicted values are drawn. 
Chapter 4 covers the Complementary FSS (CFSS) part of the thesis, where the 
combination of a layer of apertures and a layer of conductors in close proximity is analysed 
in the CUSS configuration. Comparisons between measured and predicted results are 
presented for both dipole and ring arrays and discussed in terms of their angular stability at 
highly oblique angles of incidence. 
Finally, Chapter 5 draws conclusions from the work presented in the thesis and analyses 
the results as a whole. Considerations are made as to future developments and 
improvements that could be implemented. 
An appendix is included at the end that contains some information about piezoelectric 
materials that were considered as a means to achieving a RFSS. 
1.2 
- 
Concept of Reconrigurable Frequency Selective Surfaces 
The initial period of research investigated the potential materials and mechanisms that 
could be used to implement a passive RFSS [19]. Active RFSS which involve, for 
example, the use of diodes placed between the array elements [20] are only practical for 
microwave devices that require small surface areas. The reasons for this are due to cost and 
reliability, both of which stem from the engineering complexity involved in having so 
many small, active devices grouped so closely together. 
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The RFSS concept involves the passive reconfiguring of the plane wave transmission 
response of a two layer FSS. A novel technique is employed whereby the frequency 
response of an FSS can be adjusted over a wide range by altering the relative displacement 
between two closely coupled FSS arrays. This is shown in Fig. 1.5. 
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Fig. 1.5. Concept of RFSS using two closely spaced arrays 
Dipoles are depicted, but any element could be used in the RFSS. The arrays are separated 
by a distance S, and are displaced relative to one another by a distance DSY, along the y- 
axis. When DSY is zero, the effect on an incident plane wave is essentially that of a single 
layer FSS. As DSY is introduced and then increased, the coupling between the arrays is 
altered and changes the overall transmission response of the structure. As a result it is 
possible to tune the resonant frequency over a given range, where the frequency shift is 
proportional to the relative displacement. In order that significant tuning can be achieved it 
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is important to consider the separation distance, S, between the arrays. Theoretical and 
experimental data has shown that this needs to be of the order of 0.03 wavelengths or less 
A passive RFSS has many applications, typically where the need arises for variable 
transmission characteristics over large surface areas which becomes impractical and costly 
with active RFSS designs. These include tuneable absorbers for use in anechoic chambers 
and other applications where tuneable filtering characteristics are desired. A passive RFSS 
could be used in a beam scanning application where variable geometry elements on one 
surface are moved relative to fixed geometry elements on a second surface so that the 
direction of the beam is variable, so behaving in the same manner as a phased array. An 
RFSS could be used in a radome application where it could be synchronised to the PRF 
(pulse repetition frequency) of the radar system. 
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CHAPTER 2 
Two Layer Frequency Selective Surfaces With 
Conducting Elements 
2.1 Introduction 
This chapter examines the properties of two layer FSS with conducting elements on each 
layer. Conducting elements have been widely studied as FSS elements both in single and 
double layer situations [1-4] although the work in this chapter limits itself to linear dipole 
elements only. A modal analysis method is used to predict the behaviour of the two layer 
structure and whilst the theory has been developed elsewhere [5], the salient features are 
included here as they provide the essential background to the work in chapters 3 and 4. The 
theory developed is used for both the Close Coupled FSS (CCFSS) and Reconfigurable 
FSS(RFSS). 
A model has been developed such that predictions can be made of the transmission 
properties of two layers of conducting dipoles in one of two configurations. In the first case 
12 
each array is printed onto a separate dielectric substrate layer. One array is fixed while the 
second is free to move relative to it. The coupling achieved between the elements on the 
different arrays is influenced by the relative displacement of the arrays. By manipulating 
the displacement, the stopband of the FSS can be dynamically tuned over a wide frequency 
range (around 50%) and effectively deliver reconfigurable FSS (RFSS) performance. The 
second scenario involves the arrays being printed on either side of a single dielectric sheet. 
In this way the coupling between layers is maximised, leading to a close coupled FSS 
(CCFSS), although obviously there is no facility to tune the response in this static situation. 
However, it has been found that the sensitivity of the resonant frequency to the angle of 
incidence can be markedly reduced for angles of incidence up to 45". 
Section 2.2 gives details of the RFSS design with attention paid to the techniques used to 
provide the relative shift between the layers. The process of etching the arrays will also be 
addressed in this section, as it is important to understand the limitations in the 
manufacturing phase, and design considerations will be discussed. Section 2.3 details the 
theory involved in the modelling of the RFSS. The Floquet modal representation of the 
fields is introduced as the basis for all the theory in chapters 3 and 4 and two, coupled, 
electric field integral equations (EFIEs) are formed in terms of the unknown currents on 
the elements. These are solved using the method of moments [5-6] to obtain the current 
coefficients from which the transmission response can be predicted. Section 2.4 presents a 
range of measurement results to firstly verify the model and secondly to explore the 
properties of both the RFSS and CCFSS in terms of tuning capabilities and stability. 
Finally in this chapter, section 2.5 draws conclusions from the work presented. 
2.2 RFSS Concept and Design 
An RFSS was initially proposed in a UK patent application in 1990 [7]. The underlying 
principle is the dynamic tuning of the frequency response of a multi-layer FSS array such 
that the stopband or passband can be adjusted over a range of frequencies. Whilst there has 
been much work published on the theory of multi-layer FSS [3,4,8-101, previously this had 
been in a static situation and largely involved the study of the effect of the separation 
between arrays and surrounding dielectric support. Also this work uses a novel, coupled 
integral equation method to solve for the unknown element currents and hence determine 
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the transmission properties of the structures. The RFSS, on the other hand, benefits from 
being adaptable and tuneable over a given range of frequencies determined primarily by 
the array geometries. The system is mechanically simple because the electromagnetic 
performance of the RFSS relies only on the interaction between passive dipole elements, 
whilst still allowing both tuning the resonant frequency and switching on and off of the 
stopband/passband response. Other schemes have been proposed whereby the switching on 
and off of the stopband of an FSS is achieved by the integration of active diodes into the 
unit cells [ 111. It has been proposed that the array is printed on a ferrite substrate which is 
then biased to effect some tuning [12], and even liquids have been proposed as 
exchangeable substrates [13]. There has also been attention paid to a reconfigurable 
reflector antenna [14] whereby the beam pattern can be adjusted by altering the shape of a 
mesh reflector. The scheme described in this thesis has advantages over those mentioned in 
that there is only one moving part, being the array that is displaced relative to the fixed 
one. The displacement is achieved by means of a stepping linear actuator and is described 
in section 2.2.2. 
Figs. 2.1 and 2.2 show schematically the principle of the RFSS and CCFSS. Fig. 2.1 shows 
the arrangement of the two layers of conducting dipole elements for the RFSS. Each array 
is printed on a thin dielectric substrate, which acts to support the individual elements. The 
arrays are separated by an air-gap, S, which is exaggerated in this instance for clarity, 
although in practice the arrays are in close proximity to enhance the coupling between 
them. Whilst the arrays need not be identical, they are in this case both in terms of the 
element dimensions and, more significantly, the lattice parameters, where complications 
can arise if non identical lattices are used [15]. The relative displacement between the 
arrays is shown to be along the length of the elements. The displacement produces a 
perturbation of the high fields that exist between the arrays, resulting in a global loading 
such that an RFSS is achieved without the need to change the arrays themselves. Fig 2.2 
shows a schematic of a CUSS consisting of an array of linear dipoles printed each side of 
a dielectric substrate. This arrangement allows for maximum coupling between the arrays 
for any desired displacement, which is set during the manufacturing process. The 
manufacturing process and experimental set up are described in the following sections. 
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2.2.1 Array Manufacture 
The fundamental building blocks of this thesis are the arrays themselves. The 
manufacturing of the arrays is an issue which should not be ignored, as it is important to 
realise the limitations of the process in terms of element definition and alignments between 
two layers (for CCFSS). 
The FSS arrays considered throughout this thesis are manufactured in the same way using 
a chemical etching technique. The initial material is a laminate of copper, adhesive and 
dielectric, which can be either polyester or Kapton (which has a lower loss tangent). The 
copper is 1/4oz. which has a thickness of 9gm and the dielectric comes in a variety of 
thicknesses from 21gm to 100gm for the single copper layer and 70gm for the double 
sided copper laminate. 
For a single layer array the laminate must be mounted on a rigid board using a polimide 
tape backed by a silicon thermosetting adhesive. It must be fixed copper side up and sealed 
on all four sides to prevent water and chen-&als leaking under. The surface of the copper is 
cleaned using a scrub cleaner; a process that removes any oxide deposits and creates slight 
abrasion to promote improved adhesion for the dry film photo resist. When dry, the 
Ian-tinate is placed in an oven pre-heated to 80'C prior to larriinating with the photo resist. 
Once at 80'C the copper is laminated with a negative dry film resist using a hot roll 
laminator. A photographic artwork of the desired array design is then placed on top of the 
photo resist and exposed to ultra violet light. The artwork is removed and the photo resist 
can be developed in a spray developer using a 1% solution of sodium carbonate. The final 
process involves the etching away of the unwanted copper in a spray etching machine 
using a solution of ammonium persulphate, and the removal of the remaining dry film 
resist in a dry film stripping solution. 
For the manufacture of a double layer FSS the same process is followed except that two 
photographic artworks are produced and pre-aligned with the appropriate displacements. 
Great care is needed during this alignment procedure to ensure the double layer array will 
perform as expected. 
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2.2.2 Experimental set up 
The plane wave measurements presented in this thesis have been perfon-ned in an indoor 
anechoic chamber. Standard gain pyramidal horns have been used for transmitting and 
receiving over three bands: J-band (12-18GHz), K-band (18-26GHz) and Q-band (26- 
40GHz). In all cases the FSS is in the far field of the horns used such that r> 
2D 2, 
where A 
r is the distance between the hom and the FSS, D is the largest dimension of the hom 
aperture and A is the wavelength of the incident field. The measurement equipment 
consists of a HP 8758A scalar network analyser, HP 8350B sweep oscillator and HP 
83596A RIF plug-in (2.4-40GHz). The equipment is partially computer controlled via an 
HPIB link so that the measured data can be electronically stored. 
An experimental prototype has been built that uses a computer controlled micropositioning 
test-bed for producing an integrated RFSS structure. Fig 2.3 shows a representation of the 
experimental set-up used to control the displacements of the RFSS. It depicts the two 
arrays being supported by their own individual support frames. These frames are necessary 
to achieve maximum flatness of each array and to ensure that the air-gap between them is 
kept as constant as possible over the entire area. Each array measures 280mm. x 280mm. 
and is produced by the process detailed in section 2.2.1. It is important to note that because 
of the thickness of the support frames (5mm) the front and rear arrays are mounted, 
respectively, on the backward facing and forward facing planes of their support frames. In 
practice the two supports would, themselves, be fixed to an overall support frame, which is 
removed here for clarity. The rear array is fixed and cannot move, and is also attached to 
the stepping linear actuator, which provides the necessary movement between the two 
arrays. 
The actuator, from RS, consists of four 12Vdc windings and a permanent magnet rotor 
construction and is designed for unipolar operation. It is driven, via computer control, by a 
RS four phase unipolar stepper motor drive board. The step increment is 25grn but this can 
be improved, if necessary, to 12.5ýtm by taking advantage of the half step facility. In 
practice a 25gm step size was found to be sufficient. With the actuator fixed, its rotational 
output is transferred to the lead screw. However, with the lead screw also fixed to the front 
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array, the ultimate movernent is a linear displacement of the front array, in 25ýtrri steps. 
The computer control allows the movement to be defined as a particular distance or in 
single steps, both forwards and backwards. Zý 
Lead Screw 
Linear 
Actuator 
Line, ir A 
Movement 
offront 
I 
Array 
Support 
Frames 
Front Array - Adjustable 
Computer 
Control 
Rear Array - Fixed 
Fixing, Bracket L- 
From Actuator 
to Rear Array 
S 
y\ 
Fig. 2.3. Schematic representation of RFSS micropositioning ji t-I iI LC-l 
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Fig. -1.4 depicts a unit cell of the two layer array and shows the 
displacements In the 
perpendICUlarx and y directions. The underlying principle behind the RFSS is the ability to 
Back laver 
................ 
Front layer > 
........................ 
DSY 
DY 
....... ... 
...... ........ 
DX 
Fig. 2.4. Unit cell of RFSS 
DSX 
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displace one layer with relation to another. When the separation distance, S, is included a 
three dimensional unit cell can be produced as in Fig. 2.4. The relative displacements in x 
and y are DSX and DSY respectively, and the introduction of these parameters from the 
case when there is no displacement will alter the performance of the array as a whole. 
Altering the separation distance will also alter the response of the RFSS and for practical 
considerations it must be kept as uniform as possible and this is most critical near the 
centre of the structure. The separation region is air in the cases studied here, and the front 
and back layers identified in Fig. 2.4 are printed on a dielectric substrate, although these 
are omitted from Fig. 2.4. The separation region is crucial in the RFSS, as it is where the 
evanescent mode coupling takes place, and directly contributed to the level of 
reconfigurability. It is important, therefore, that the model used to predict the responses is 
inherently able to account for these modes. The method used here is a coupled integral 
equation (CIE) method and is well suited to the RFSS, as opposed, for example, to the 
scattering matrix approach which can break down for small separation distances [16]. 
2.3 Theorv of RFSS 
The theoretical aspects of the RFSS covered in this section are of fundamental importance 
to the theory covered in chapters 3 and 4. The FSS's studied are treated as being infinite 
arrays, with each element being located in a periodic unit cell. The periodicity enables the 
unknown fields and currents to be expanded in terms of a set of Floquet modes. Currents 
are excited on the elements (or fields within them) when the arrays are excited by an 
incident plane wave. An integral equation can be formed, by the application of appropriate 
boundary conditions, in terms of the unknown currents or fields. In the two layer structures 
studied in this thesis the currents and fields on each array are linked together by the 
formation of two coupled integral equations (ClEs), that contain terms for the currents or 
fields in each array. The method of moments (MOM) is then used to reduce the CIEs to a 
system of linear equations in matrix form, in which the currents or fields are represented by 
a set of basis functions. These equations are then solved for the unknown coefficients. 
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2.3.1 Infinite array configuration 
A planar FSS can he represented as an infinite array 151, which is represelited *111 -2-5 
\01 Ir77 
Ir L. 
a 
/ - 
x 
Fig. 2.5. Geometry of FSS array of arbitrary periodicity C, - 
The individual unit cells are arranged periodically in tile plane, where the vectors -D1 
and D, are 'given by 
D, (cos aj + sin a, 
ýý) 
and 
(2.1) 
1) 1) 
D2 = (D2cos a2X^ + D. sin a2^) (2.2) y 
where 
a2 =a, +a (2.3) 
and 
D, = IL? l 
I and D,, =I D21 (2.4) 
The unit cell area is defined by, 
A=D, xD, (2.5) 
The incident plane wave, represented by f' in Fig. 2.5, can be considered as a linear 
combination of transverse electric (TE) and transverse magnetic (TM) components. Pure 
TE incidence has no electric field component in the direction of propagation (z) whereas 
pure TM incidence has no magnetic field component in the direction of propagation. 
2.3.2 Floquet Modes 
The tangential fields on the array can be expressed in terms of a set of Floquet modes [17], 
which are given by, 
epq(-r9 Z) (2.6) 
p, q=O, ± 1, ±2 
Where 
Tpq=e j k,, -f (2.7) 
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r= xx+ yy (2.8) 
The propagation constants k. and y,, are functions of the lattice geometry. P and q are 
the Floquet indices and the polar incidence angles, 0 and 0 are shown in Fig 2.6. 
y 
Fig. 2.6. Polar incidence angles 
x 
ý, 
m =k, +pl, +qk2 (2.9) 
=k i+k yy j 
where 
L =ko sin 0cosox^+ko sin 0 sin oý 
= koi + koy ý 
(2.10) 
24 
2; r ko =(A (2.11) 
21r ý 
A zXD2 
k2=2; r 2xD, 
A- 
kx = kox + pkl., + qk2x (2.14) 
ky = koy + pkly + qk2y (2.15) 
The z-directed propagation constant, Ypq, is given by: 
2 --q 
_ 
(k2+1,2 (2.16) Ypq V(k 
xy 
where, 
k=k - (2.17) 04 1 
, F,. is the relative permitivitty of the dielectric. 
2>22 For propagating waves, k '_ 
(kx + ky ), andrpqis real and positive (or zero) 
22 For evanescent waves, k' < 
(kx + ky ), and Ypq is negative and imaginary. 
Waves that propagate and have p, q#O are referred to as grating responses and are generally 
considered to be undesirable, due to their impact on the main beam of the array. 
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The Floquet mode orthogonality is used to establish the relationship between the Floquet 
mode amplitude and the induced fields or currents. The orthogonality of the Floquet modes 
is expressed as follows: 
fTpq(i: ) T*Pq, (1) dr = 
A(5pp, 
'5qq' 
A 
where, 
go I ifa =9 
0 othenvise 
(2.18) 
The tangential fields on the array can be expressed as a summation of both TE and TM 
vector Floquet modes, which are detailed below. A new subscript is introduced, m, where 
m=l for TM modes and m=2 for TE modes. The TM vector mode is given by: 
ý21Cr, Z) = "-' (Z:, EI" (2.19) 
where, 
ýKlpq _kPq (2.20) 
and the TE vector mode is given by: 
r (2.21) ý! 2p, 
Lr, 
Z) TpqL9 Z)E2pq 
where, 
L2pq ZX-Klpq (2.22) 
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The TM and TE modal admittances are described respectively by: 
171mpq 
k 
?7 (2.23) 
Ypq 
and 
772mpq = 
Ypq 
17 (2.24) 
k 
where 
27 = 
56 
(2.25) 
and e and p are the permittivity and permeability respectively of the relevant medium. 
2.3.3 Formulation of the integral equations 
This section covers the formulation of two Coupled Electric Field Integral Equations 
(EFIEs) which can then be solved in order to determine the current coefficients on each of 
two layers of conductors. Each layer of conductors is printed on a dielectric substrate and 
these are accounted for in the following analysis. The Coupled Integral Equations (ClEs) 
are developed assurning the same number of Floquet modes for the unit cells on each array, 
such that the same Floquet indices p and q denote the same order Floquet mode in each 
unit cell on the two arrays. The two-layer array structure is illustrated in Fig. 2.7 together 
with the notation for the reflected and transmitted fields for the different regions. It is 
assumed that the lattices in the two arrays are identical, which is the case in all the results 
covered in section 2.4. Although the EFIEs are developed, the analysis has been covered 
fully elsewhere [51 and so some intermediate steps are on-ýitted. The formulation of the 
ClEs is achieved by the application of the appropriate boundary conditions at z=O and Z=Z2. 
The equations are coupled by the presence of a term in each relating to the currents on the 
array at which the other was formed. 
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Fig. 2.7. Cross sectional view of RFSS with conducting elements C, 
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The tangential fields are first expanded in terms of TE and TM Floquet modes as described 
in section 2.3.2, as follows: 
For z: 5 0 
Eicr, z)=g im + 2: .., 
R, -p. e 
j*Y'P", z IPP, 
pq 
(2.26) 
mpq 
H z) LL"c - R, -,, pqejyo-z 
XFpq C (2.27) z 
0 
-E'7mpq r) ^X-'N'mpq 
mpq 
V- 
For 0: 5 z<z, 
f'Lr, z) =I 
(T,, 
', 
Pqe-jrPlz 
+ R. 'P,, ejrP"')TpqK,, 
pq (2.28) 
mpq 
I TI rm -1e PI R, ', Pqej*vP9 
LIZ) 
m pq -jy 
Z)Tpq 
ZX 'CMP (2.29) qmpq 
( 
mpq 
For z, :5Z `5 Z2 
' -j'o-z + R2pqejyý')T (2.30) f'CrI Z) 
(Tpqe 
pq pq 
mpq 
2 -j"Opq Z LL2 Lr 17m Te-R, 'pq e 
j".. z)T. 
p. 
Lr) 
zXK mpq 
(2.31) ' Z) 
Yj 
pq 
( 
mpq 
mpq 
For Z2: 5 Z: 5 Z3 
-jy2 Z r jy2 Z 7'3p, e P9 3 
. i( m+ 
Rýqe Pq 
)Tpq 
Cr) 
Empq (2.32) 
mpq 
29 
E2 3 (T 
e-jr, 
', ' - R. 3me 
jr, Z 
)Tp, 
Lr) iX Kmpq (2.33) 17m npq JR" 
um 
For z ý! z3 
Z Tz e-JY""z F., 
(-r) Ky. (2.34) 
nwq 
H+ Lr, z) =Z 17' ), Tý, e-j"-" Tpq Lr) 2X Km (2.35) 
MM 
where the incident field, E", is given by: 
inc .a E= 2ý; T: O'Oe" 'Poo xoo (2.36) 
M-1 
The integral equations can now be fon-ned by the application of the boundary condition 
that the electric field is zero on the conducting parts of the unit cell. 
At z--O, 
LýLr, o) = re A' 
(2.37) 
E" + F, R; PqTpq 
Cr)E 
HIM 
=0 
M" 
and at Z=Z2 
2Cr. 
Z2) ý 
30 
(T2 
pf 2 jr, Z, ew e-ir, 
Z2 
+ R.. e 9)T., 
0 
Emp, 
mpq 
With some algebraic manipulation the EFIEs can now be formed. 
At z--O the EFIE is given by: 
(2.38) 
IZW. 'w 
+Z 
(I+ R. 'OO)T: O'o Too E. 00 (2.39) A P" moo 
and at z--,, -. 2 the EFIE is: 
1 
xý3 pq 
2 
A 
yjW 
MM 
=ZW. 
' 
00 W. 
300 (I + R. 'Oo ) Tj Too E. 00 
moo 
where, 
(2.40) 
I I+Rs (O; w = 277,0,, 
g 
II -irp, ri + jrzl e 
(2.42) 
e-jr, *, zl + rm2 Me 
z2 
e-jroqzl +2Z, 
(2.43) 
T; ý, e 
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Rýq 17-OM 17.1mr-M (2.44) 01 ? 7#m; 
pq 
+ ? 7nVq 1 mM 
'1 
(2.45) 
+ Tn" 
e -2jy, 
', zi V, 17.,,, (2.46) 
(14M 
+ (4974q 
-JF, Oqzi -2 
jr0pri 
e0r;, e (2.47) 
-Jrpqzl +2 
jyopq Zi 
e -r; ý, e 
0 22 
. r. 
2. 
e -2jrl, 
ýzj ? Im (P, 77. m (2.48) 
( 
17-ow + V., w 77.2w 
2 
e-2jr, 
"z2 
-72e 
jr"z2 
MM 
.2 
(2.49) lpýpq 
e-2jr21ezz _2e 
jypqz2 
'rýP, 
e-2jylllz3 
? 7v'q - 11-m (2.50) 
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20 
0. " + l7ff" 
and 
ej"'4" - e-j"", " e 
jypqz2 
- e-j"01-z, g»2"(, 3 ý, 
"q0 
n0 ýN 6»» ), 2 + 
[c 
217. 
m 
+ 
217moq 
(2.51) 
I and J are the Floquet transfonns of the electric currents, I and J, excited on the 
elements at z=O and Z=Z2 respectively. They are defined by the inner products: 
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(2.52) 
and 
(2.53) Kley4 9 %lfPq 
Lr»A. 
= 
-7Pq 
The EFIEs, Eqns. 2.39 and 2.40 form a coupled pair and it is interesting to note the 
interchange of the coefficient ' o)' d between j at z--O and T at Z--Z2- 0); ým MN MM 
The transmission coefficient is given by: 
T+ =e 
Jy*,. Z3 
o)ý, o). 3. 
[(ol 
w 
(I + Rýq 
) 
T: 
O'o - w, 
2vq w. ', 
Iq .. pq7 (2.54) A A_ 
where, 
4 
e-jr, 
"' 
+ Tý9 ejy'mz3 olýpq - ZI + j)"Z2 
(2.55) 
e-jym' r.. em 
23.4 The Method of Moments 
The Method of Moments (MOM) [5,6] is frequently used to solve integral equations like 
those of Eqns. 2.39 and 2.40 which can be coupled together in an equation of the form: 
=12][7]XVpq 
: ", I 
=22 J ffwq 
-10]t-. T. E.. 
1[1= 
MOO -20 
(2.56) 
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where, -. - 2 and 2, represent the coupling between the arrays. The MOM enables 
Eqn. 2.56 to be reduced to a linear system of simultaneous equations by expanding the 
unknown currents as an infinite series of basis functions. 
IL (2.57) LCO Cn "n Crn 1:,, E A' at z=O 
R=1 
and 
2 2( 
c h. r) Z:  r= A' at z=z2 
(2.58) , LLr) 
Z 
n- 
n-1 
It is assumed here that the same elements are used on each layer. In order that the system 
of equations can be solved the series of bases cannot, in reality, be infinite, so a finite 
series is chosen to approximate the induced currents, say N. The system can now be solved, 
being of finite order. 
By substituting Eqns. 2.57 and 2.58 into Eqn. 2.56 and taking the inner product with 
12 
testing functions Lzi and A, leads to the matrix equation: 
[XIII [XI21 , c 
,1 
"I lIX211 
IX221- 
[[ 
C 
2 
1 
[IS21 
(2.59) 
The square matrices X1, and X22 are similar to those that that would be produced in the case 
of individual layers and X12 and X21 represent the coupling between the layers. In this case: 
, 
(I + Rm' 00 
) Tmlý ýj 1 Lk, 00 Sli -,.,: 
I 
moo 
(2.60) 
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S 
2i = 
EO), ',, 
00CO. 
300(1+ R, ",, OO)T. 
hý (Tli2ý(ktoo) (2.61) 
moo 
and 
Ilin =I 
tol' (Ttil ý Lkpq)Tz. ' Lkpq) (2.62) 
mpq 
A 
2 
0jm3j"l 
mpq mpq X12in =Z ýý 
ý Lk 
, 
Lkpq) (2.63) 
tpq 
mpq A 
w1 0)2Pqo)3Pq (T2ýLk )ýI Lk X2lin =Z mpq n 
ktpq) (2.64) li tpq . 
mpq 
A 
and 
3 
. 
01-P mpq (Tli2 k (2.65) X22in 
mpq A 
Lktpq ) Tln2 cipq ) 
Generally, the testing functions need not be the same as the basis functions, but throughout 
this thesis the testing functions and basis functions are the same. This is a special case of 
the MoM known as the Ritz-Galerkin procedure. Eqn. 2.59 is solved for the unknown 
coefficients C, and C2, is achieved by matrix inversion using an elimination technique, 
Crout's factorisation with partial pivoting. 
It is apparent that the size of the matrices in Eqn. 2.59, and therefore the complexity of the 
solution depends on N and the number of Floquet modes chosen. It is worth mentioning, at 
this point, something about the convergence [181 of the solution, because the series of basis 
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functions cannot be infinite, and we cannot have an infinite number of Floquet modes the 
solution cannot be exact. N has been chosen as the finite number of basis functions and so 
a finite limit is also set to the order of the Floquet indices (p, q), say (PQ). When 
attempting to establish the solution for a particular element geometry care needs to be 
taken to ensure that sufficient Floquet harmonics are included to cover at least the main 
lobe of the spectra of the basis functions. As a rule of thumb, to check for convergence, the 
number of Floquet modes should be increased while keeping N constant. A figure of merit 
has been introduced [5], such that d=PQIIV, where PQ is the total number of Floquet 
modes. If N needs to be increased then d should be investigated further, but generally, the 
best way to ensure the best recipe in the predictions is through experimentation. 
2.4 Results From Renresentative Arravs 
In this section results are presented both for the RFSS and CUSS, for angles of incidence 
up to TE: 45*. The arrays consist of linear dipole elements, with the same dimensions on 
each layer, and the two layer structure is depicted in Fig. 2.8. The two arrays are shown in 
plan form, one on top of the other. The two arrays have the same lattice parameters DX 
and DY, and the shaded elements represent the dipoles on layer I and the dotted elements 
those on layer 2. In the cases studied in this section LI=L2, as the elements are identical on 
the two layers as well. When DSY=O the elements on the respective arrays are displaced 
only in the z direction and the array behaves similarly to a single layer array of dipoles of 
the same dimensions. There would be a small effect due to the separation between the 
layers, most observable in the case of the RFSS, but primarily, the main effect of the 
incident electromagnetic plane wave would be that of a single layer. As a point of 
reference, the transn-tission responses for a single layer array are shown in Figs. 2.9a-c. The 
array dimensions are DX=DY=5mm, L--3.5mm and W=0.3mm. The array is printed on a 
polyester substrate with S=70gm and C, =3- A crucial point to note is the shift in the 
resonant frequency from 37GHz for normal incidence to 33GHz at TE: 45' incidence (a 
shift of about 10%). This is characteristic of the impact of the grating lobe region on the 
resonance stability and will be discussed in more detail in section 2.4.2. 
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2.4.1 RFSS with Conducting Elements 
This section gives some results of the performance of the RFSS in which the frequency 
response is dynamically tuned over a wide range. This type of operation would be very 
desirable in situations where multi-band filters are employed, as it would enable just one 
such filter to be used. Conventionally, an FSS would be designed for a specific filtering 
response (such as a subreflector) which would be determined primarily by the dimensions 
of the array elements with respect to wavelength of operation. This is a distinct 
disadvantage when the surface will often be permanently fixed and aligned to the antenna 
assembly. 
Using the micropositioning jig shown in Fig. 2.3, two FSS arrays are placed in close 
proximity to one another, separated by the distance, S. Fig. 2.8 shows the plan view of the 
geometry of the RFSS, and indicates that the displacement is only along the y axis. 
However, depending on the array geometries, the displacement could be along any 
arbitrary vector. When the arrays are directly aligned i. e. DSY=O, the performance is 
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essentially that of a single layer array. The rear layer would be predominantly masked by 
the presence of the front one. Increasing the displacement, DSY, introduces a lateral shift 
between the arrays so that the gaps between the elements on the rear layer are increasingly 
covered up by the first. Looking at the RFSS from the incidence side, an effective increase 
in the length of the elements is observed and this is accompanied by an alteration of the 
electromagnetic coupling between the arrays. The change in coupling alters the overall 
performance of the RFSS and produces significant performance enhancements on the 
single layer case. 
Figs. lOa-c display the effect of increasing DSY on the transmission response for normal, 
TE: 30' and TE: 451 incidences. The two arrays are identical with each having 
DY=DX=5mm, L--3.5mm and W=0.3mm. They are printed on a polyester substrate of 
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thickness 70gm and e, =3. The incident electric field is parallel to the y axis. In the 
predicted results the separation distance between the arrays is set to 50gm. The basis 
functions employed to model the induced currents on the dipoles are entire domain 
sinusoids and cosinusoids. It is important that the bases chosen are zero ended to simulate 
the practical situation existing on the dipole. Five basis functions were employed and they 
are co 
2)sin(L; 1)co 2)-I)sin ý-a) 
and co 
;, y With these bases it was found LLLLL 
that 15 Floquet modes was sufficient to achieve convergence (see section 2.3.4). The 
relative shift between the arrays is achieved by moving the Floquet modes of the front 
array by a distance DSY in the y direction such that for the front array Eqn. 2.10 becomes: 
kI = ko. ýi + 
k-oy (DS Y)y^ (2.66) 
Figs. 2.10a-c show the dramatic effect of increasing DSY from zero to DY12 (2.5mm). Fig. 
2.10a shows for non-nal incidence that there is an available tuning range from around 
36GHz to 17.5GHz which represents a percentage shift of 51%. The original resonance at 
36GHz can be shifted to 31.5GHz with a DSY value of Imm, but the dipoles on the two 
layers have not yet started to overlap so the increase in coupling is not maximised. 
However, a maximum frequency shift can be achieved by making DSY maximum (DY12) at 
2.5mm. If DSY is increased further, then the dipoles begin to return to the state when 
DSY=O, and the resonance moves back up in frequency until the dipoles once more cover 
one another and the RFSS behaves in similar fashion to a single layer array. The results for 
TE: 30' and TE: 45' incidences perform in a similar manner although with slightly smaller 
frequency shifts. For instance, for TE: 45' incidence the overall shift from DSY=O to 
DSY=2.5mm is about 45%, which is still a significant range. Also, there is a marked 
increase in bandwidth for all incidences as DSY is increased from zero to 2.5mm. If the 
normal and TE: 45" incidence cases are compared it can be seen that for DSY=O the 
resonant frequency shifts from 36GHz to 32GHz as the angle of incidence is increased, 
which amounts to about 11 %. However, when DSY=2.5mm there is a shift from 17.5GHz 
to l8-5GHz which represents only about a 5% shift. This increase in angular stability is a 
key feature of the RFSS and comes about because the resonance when DSY=2.5mm has 
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been moved far away from the grating lobe region. These undesirable, non-zero order, 
propagating modes have the effect of destabilising the resonance and are largely dependent 
on the lattice periodicity, DX. At normal incidence they are far enough from the resonance 
not to have an effect but as the angle of incidence increases, DX effectively becomes 
smaller as cosO, so that the grating lobes start to impinge on the stability of the resonance. 
Fig. 2.10c clearly illustrates the grating lobes at about 35GHz and their effect on the 
resonance, when DSY=O, is large. When DSY=2.5mm, however, the resonance has been 
forced far enough away from the grating region to render its effect small. 
A figure of merit that has been introduced previously [19] in conjunction with arrays of 
conventional and convoluted elements is the periodicity to resonant wavelength ratio, ýID- 
When DSY=O, VD=1.6, which is fairly typical for an ordinary dipole array. When 
DSY=2.5mm AID increases to about 3.4, and with D=5mm. this suggests that the high 
coupling between the arrays has produced a resonance whose wavelength is larger than the 
array lattice. This, of course, is not physically possible, but what it does show is that the 
RFSS is capable of producing responses that simulate those of electrically large elements, 
when the elements themselves are electrically small. It has achieved a resonance at a 
frequency where the dipole elements are more than twice as large electrically as they are 
physically. This could be very useful in applications where a low frequency filter is 
required but physical space is limited. 
2.4.2 Close Coupled FSS With Conducting Elements 
The results for the RFSS in the previous section showed the advantages of forcing the 
resonant frequency of the RFSS structure to be far away from the grating lobe region. 
Because this is achieved by introducing a shift between the elements on the different 
layers, thereby increasing the electromagnetic coupling between the arrays, a new structure 
has been investigated in which the coupling between arrays is maximised. In this section 
results are presented whereby extremely angularly stable responses can be achieved, again 
using simple dipole elements. The technique could be applied to any element, but the 
simplicity and linearity of the dipole makes it an ideal element to investigate. The double 
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layer CUSS structure, described in section 2., is used to implement the design and allows 
one to take advantage of the maximum coupling between arrays as the critical part of the 
design. Results are presented for two array designs which, according to the nomenclature 
in Fig. 2.8 have the following dimensions: Array 1 has DX=DY=5mm, Ll=L2=4mm and 
IV1=IV2=0.2mm; Array 2 is the same as array lbut with DSY=1.7mm. Array 3 has 
DX=DY=4mm, Ll=L2=2.8mm and Wl=W2=0.2mm. Array 4 is the same as array3 but 
with DSY=1.5mm. Each double sided array is printed onto a dielectric (polyester) substrate 
of thickness 70ptm and E,, =3. 
The comparisons of measured and predicted results can be seen in Figs. 2.11 a-c (arrays 1 
and 2) and Figs. 2.12a-c (arrays 3 and 4) for normal, TE: 30' and TEAP incidences. The 
first thing to note is the excellent agreement between the measured and predicted responses 
for all cases. Taking Fig. 11 firstly, it can be seen that when DSY=O the resonance is 
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Fig. 2.1 l a. Transmission response of CUSS arrays I and 2: normal incidence 
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Fig. 2.1 lb. Transmission response of CCFSS arrays 1 and 2: TE: 30' incidence 
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Fig. 2.1 Ic. Transmission response of CUSS arrays 1 and 2: TE: 45" incidence 
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at32.5GHz which, as in the case of the RFSS is very similar to a single layer array of the 
same element and lattice geometries. Increasing the angle of incidence to 30" and then to 
45' moves the resonant frequency down to 31GHz and 30GHz respectively. This 
represents shifts of 4.6% and 7.7%. The grating lobes are evident near 35GHz and it would 
be largely due to the presence of these higher order propagating modes, close to the 
resonance, that the resonance is unstable. The situation is completely different when a 
displacement of DSY=1.7mm is introduced, while all the other parameters remain 
unchanged. The resonance has been shifted down in frequency to l6GHz and remains very 
stable as the angle of incidence is increased to 45". This verifies the earlier comment of the 
effects of the grating lobes on resonance stability. The further the resonance is away from 
the grating lobe region, the more stable the response is to the effects of changes in the 
angle of incidence. If DSY were increased to 2.5mm (DY12), the resonance moves further 
down in frequency to around 10GHz. This, however, was outside the prescribed 
measurement range, so DSY was set at 1.7mm in this case. 
The angular stability is better than the RFSS although the displacement is in the same 
direction. This is because the coupling between arrays is maximised due to the proximity 
of the arrays. Electrically there is a linear dipole element whose length produces 
approximately a 2/2 resonance, whereas the physical length is of the order of A15 for the 
case shown in Fig. 2.11. The results in Fig. 2.12 show the comparison between measured 
and predicted transmission responses for arrays 3 and 4. Because the elements are shorter, 
the resonance at normal incidence is at a higher frequency, around 36.5GHz. This shifts to 
about 35.5GHz and 34.5 GHz when the incidence is increased to TE: 30' and TE: 45" 
respectively. This represents, in percentage terms, shifts of 2.7% and 5.5%. This is 
appreciably less than that observed for arrayl (unshifted) in the previous case (4.6% and 
7.7%). This can be explained by the grating lobes being further from the resonance in array 
3. Figs. 2.11 a-c clearly show the grating lobes coming close to the (unshifted) resonance as 
the angle of incidence is increased, until they are prominent around 35GHz in Fig. 11c. 
There are no such signs of the grating lobes in Fig. 2.12 however. This is because the 
periodicity is smaller in Fig. 2.12 (4mm) than Fig. 2.11 (5mm). Because the grating lobes 
are frequency dependent, this decrease in periodicity has the effect of moving them up in 
frequency. This puts them further from the resonance, so their destabilising effect is 
reduced. 
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Fig. 2.12a. Transmission response of CCFSS arrays 3 and 4: normal incidence 
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Fig. 2.12b. Transmission response of CUSS arrays 3 and 4: TE: 30' incidence 
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Fig. 2.12c. Transmission response of CUSS arrays 3 and 4: TE: 451 incidence 
When DSY=1.5mm, the resonance at normal incidence moves down in frequency to around 
21.5GHz. Once again, the angular stability is greatly improved due to this displacement, 
and the resonant frequency remains stable around 21GHz when the angle of incidence is 
increased to 45'. 
In order to quantify the effects of the element length and periodicity, a theoretical study has 
been carried out to determine the effect that the element length to lattice periodicity, LID, 
has on the ? JD ratio, where A is the resonant wavelength at normal incidence. In general, 
the larger the ýID ratio, the more stable an arrays response will be. Remembering that the 
grating lobes are frequency dependent, and effectively appear at a wavelength 
corresponding to D, it can be seen that if ýID >> 1, this will put the resonance at a much 
lower frequency than the grating lobes, where the resonance stability will not be hugely 
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affected by the grating lobes. In the study, the effect that LID has on DIA and the instability 
factor is assessed. The instability factor is introduced here and defined as 
it - (fF- f, )If, 1, where fF andfi are the resonant frequencies at normal and extreme 
oblique angles of incidence respectively. Table 2.1 shows the results for oblique incidence 
up to TE: 45". 
With no displacement between the arrays (DSY=O) there is an expected improvement in the 
instability factor from 25.9% to 8.1% as LID increases from 0.65 to 0.95. The instability 
factor is significantly improved when a displacement, DSY=D12 is introduced. In fact, the 
instability factor is below 1% for all LID ratios considered here, and is :50.3 for LID of 
0.85 and above. The introduction of the relative displacement is the key element in the 
stability of the CCFSS, due to the strong coupling between the dipoles on each layer. The 
fact that ýJD ratios of 9.55 can be achieved indicates the potential of this structure to obtain 
responses that a far removed from the negative influence of the grating lobe region. 
DSY=O DSY=D/2 
UD )JD Instability Factor (%) )JD Instability Factor 
0.65 1 1.48 25.9 5.46 0.91 
0.7 1.57 21.9 6.71 0.67 
0.75 1.66 18.3 7.46 0.53 
0.8 1.76 15.2 8.02 0.5 
0.85 1.86 12.4 8.6 0.3 
0. , 1.9 10.1 9.4 
1 
<0.3 
. 95 
LC 
2.13 8.1 9.55 <0.3 
1 
Table 2.1. Effect of displacement on resonance and angular stability 
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2.5 Conclusions 
This chapter has examined a two layer FSS of conducting elements. Their performance has 
been assessed both in RFSS and CUSS configurations. A model has been developed 
which caters for both situations, and which relies upon the formulation of two, coupled, 
electric field integral equations in terms of the unknown currents on the conductors. These 
were then solved using the Method of Moments, with the currents represented by a set of 
entire domain sinusoids and cosinusoids. The model also has the ability to simulate a 
lateral displacement between the arrays, whereby the spectrum of the Floquet modes used 
to expand the fields is displaced, thereby enabling a relative shift between arrays to be 
achieved. The objectives were to investigate the effects of a relative shift between layers to 
achieve a dynamically tuned response (RFSS) and much improved angular stability 
(CCFSS). 
Using simple dipole elements in square lattice arrays, these objectives have largely been 
met. The RFSS has demonstrated the ability to dynamically tune the frequency response of 
a two layer array by over 50%. This has been achieved by introducing a relative 
displacement between the arrays, in the direction of the dipoles' long dimension, using a 
specially designed micropositioning jig. This ability to reconfigure filtering responses over 
such a wide range would be advantageous in situations where multiband performance is 
required and space constraints are a serious consideration. The RFSS also demonstrated 
enhanced angular stability up to TE: 450 incidence because the resonance has been moved 
out of the range of influence of the destabilising grating lobes. The CCFSS has 
demonstrated the effects of having maximum coupling between the arrays. This was 
achieved by printing the arrays on each side of a single dielectric substrate. With the 
displacement included during manufacture it has been demonstrated that the angular 
stabilty up to TE: 450 incidence can be improved from 7.7% to less than 1%. A parallel 
parametric study has indicated that figures of less than 0.3% are attainable. 
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CHAPTER 3 
Two Layer Frequency Selective Surfaces with 
Aperture Elements 
3.1 Introduction 
This chapter presents the work undertaken with respect to a study into the behaviour of 
arrays of aperture elements as two layer FSS. An aperture FSS consists of a metal sheet 
perforated periodically with specific shapes, which act as the resonant elements. In the 
absence of any dielectric supporting layers, an aperture array is the Babinet compliment of 
an array of conductors with identical element and unit cell dimensions [1]. Whereas the 
conducting element arrays studied in Chapter 2 produced a stopband at resonance the 
aperture arrays investigated in this chapter produce a passband. In some filtering 
applications it is deemed beneficial to have a passband rather than a stopband. For 
example, airborne radome technology, requires both selection and rejection of the 
frequencies to be transmitted or rejected. Aperture arrays have been previously studied 
both with and without dielectric support [2-4] but generally in a static, single layer 
environment. This chapter considers them as RFSS and CCFSS, as a complementary study 
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to that detailed in Chapter 2. Comparisons will be drawn between the RFSS [5] and close 
coupled scenarios [6] for the conductors with specific attention paid to the CUSS 
Section 3.2 will introduce the concept of the aperture RFSS and discuss the fundamental 
differences between it and the conducting case in Chapter 2. The structure of the aperture 
arrays will be detailed and manufacturing issues will be discussed. Section 3.3 covers the 
theoretical aspects and electromagnetic analysis of the aperture RFSS, whereby two 
magnetic field integral equations (MFIEs) [7] are formed in order to solve for the unknown 
fields within the aperture regions using the Method of Moments [8]. Section 3.4 looks at 
some results that have been produced and compares theory with measured data. Results are 
presented for both RFSS and close couple structures although most attention will be paid to 
the close coupled. Assessments are made of the stability of the passbands as well as the 
theoretical and measured bandwidths. The results shown are for linear slot elements, which 
are modelled using entire domain basis functions comprising of waveguide modes [9]. 
Waveguide modes were employed to allow for the possibility of incorporating two- 
dimensional patch elements. 
3.2 Aperture RFSS Concept 
The results discussed in Chapter 2 demonstrated the effect of introducing a relative lateral 
shift between two arrays of conducting elements. The primary result was to greatly 
improve the angular stability of the plane wave transmission response when compared to 
the single layer case. This was especially true in the case of the CCFSS, whilst the RFSS 
demonstrated the capability to tune the resonance over a range greater than 50%. Also, the 
shift between layers led to an increase in bandwidth between the unshifted and shifted 
cases. It is desirable in some FSS applications, such as radomes and satellite systems, to 
have a passband at resonance rather than the stopband produced by the conducting arrays. 
To facilitate this arrays of aperture elements can be used, and by combining two separate 
arrays additional flexibility can be introduced into their operation. The flexibility allows 
for manipulation of the passband and also enables narrower passbands and more stable 
responses to be obtained than are available from a single layer. The key feature once again 
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is the close proximity of the arrays which leads to a high level of coupling between the 
fields generated within the aperture regions by the incident plane wave radiation. When 
corresponding elements between the two layers are directly aligned, coupling 
between them is weak and the overall structure behaves essentially like a single layer 
array. When a relative displacement between the arrays is introduced, however, the 
dislocation of the overlapping aperture fields causes them to interact very strongly. This 
effect is directly analogous to the conducting element case where the currents on the 
conductors interact, so invoking the effect of having an electrically large element when in 
fact the elements are physically small. This will be covered in more detail in section 3.4. 
Fig. 3.1 shows a schematic view of the aperture RFSS, where the thickness of the dielectric 
support layers has been exaggerated. The two arrays are placed in close proximity to one 
another with the elements on each aligned. Although in this case the dielectric is not 
needed for supporting the metallic elements, it is included due to ease of manufacture, and 
in the case of the front array, to prevent shorting between them. The two arrays need not be 
identical, either in terms of the elements used or the lattice geometries, but having different 
lattice parameters introduces complications in the modelling of such structures [111. Whilst 
one array is fixed the second is free to move, linearly, in one dimension, thereby achieving 
a relative displacement between the arrays. The mechanism is the same computer 
controlled stepping linear actuator described in Section 2.2.2. In principle this should 
enable the passband to be both dynamically scanned over a prescribed frequency range 
and/or switched on and off at specific frequencies. A drawback to this technique is a 
problem associated with keeping the air-gap between the arrays constant. The sheets are 
relatively rigid, their mechanical properties being largely determined by the copper itself 
The thickness of the copper used (1/4oz. ) is approximately 9gm, and great care must be 
taken when handling the sheets to avoid any permanent deformation. 
Fig 3.2 is a representation of a close coupled aperture FSS. The structure is made from a 
single sheet of two sided copper clad dielectric. As such, there is no dynamic 
reconfigurability, but maximum coupling between arrays can be achieved in this case 
thereby demonstrating the optimum RFSS performance. The relative displacement can be 
in any direction but the limit here is in two perpendicular directions, which adhere to the 
square nature of the lattices involved. The separating dielectric acts not only to prevent 
shorting but also maintains a uniform array separation, improving on the performance of 
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the dynamically tuned RFSS for any given displacement. The structures are very robust 
and lend themselves to being shaped in any desired way. The displacement between arrays 
is determined prior to manufacture by the careful positioning of two photographic masks 
on the copper foil, which is then etched with the desired two sided pattern, as described in 
Section 2.2.1. 
3.3 Theory of Two Laver Aperture FSS 
As in the case of the conducting RFSS the structures investigated here are highly coupled 
and therefore the coupled integral equation method is again used in conjunction with a 
vector Floquet mode analysis technique, [7], to predict the transmission responses. Two 
magnetic field integral equations are derived which are then coupled to form a single 
matrix equation to solve for the unknown fields within the apertures. This procedure is 
different to that described in Section 2.3 in that the boundary conditions are not the same 
as those used to solve for the unknown currents on the conducting elements. Fig 3.3 shows 
a cross sectional view of the two layer aperture RFSS structure used in the model. The 
arrays are located at z=O and Z=Z2 and the transmitted and reflected fields are shown in the 
three dielectric regions and free space. The arrows in Fig. 3.3 indicate the direction of 
travel of the fields if they are propagating. The notation follows that of Chapter 2, with 
the superscript denoting the dielectric region concerned or free space. 
3.3.1 Tangential Field Expansions 
Following the same notation used in Section 2.3, the tangential electromagnetic fields in 
each region are expressed as TE and TM Floquet modes as follows: 
For z: 5 0 
E-Cr, z) = 
inc + 2: pq r) K. 
p. 
R 
pqejy" 
z TpqL 
mpq 
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3.3.2 The Fields Within the Dielectric Regions 
Two coupled magnetic field integral equations (MFIE's) are formed in terms of ZI and 
P which are the Floquet transforms of the fields within the apertures at z=O and Z=Z2 
respectively. In order to correctly form the MFIE's the transmitted and reflected field 
amplitudes T' ,T2, R' and R2 must first be evaluated in terms of the modal MR MPq MR MPq 
propagation constants and admittances. This is achieved by expressing the tangential 
electric and magnetic fields at the various boundaries between the dielectric layers. 
At z=O, we find 
-I 
mpq Rm'pq + Tmpq 
A 
at z=zl, ECr, z) = E2 Cr, z) 
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These equations can be manipulated to yield the required expressions for the transmitted 
and reflected fields as follows: 
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By simple manipulation these four equations can be made to give expressions for the 
required field amplitudes. 
From eqn (3.15) 
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From eqn. (3.16) 
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Substituting eqns. (3.19) and (3.20) into eqn. (3.14) gives 
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Rmpq 
2; 7 e irp"z, 2 
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e-jyp2qzl mpq 
'7nipq 
21 
e-jy"zl 
2 
-771 
r", z2 -jy"z. 2 -jYqZ2 -2 
'? e+ 
qnlpq (17mp mpq 
ýjý 
_ 
()? 
Mp,? 
E. 
pq T. Ipq 
2 jrp2qzl 
12 
-jy2pqZi 
-A 
2)7mpqe 217,, 
pqe 
(3.21) 
(3.22) 
(3.23) 
(3.24) 
This can be simplified for manipulation by renaming the coefficients of T' and R' mpq mpq 
such that 
-2 
R, ",, 
Pq 
RD +Tl Ry -- 
mpq 
mpq mpq pq A (3.25) 
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Substituting eqns. (3.2 1) and (3.22) into (3.11) yields 
jr, Z, +j72 pq R, 2p. e Pq 
(jimpq 
mpq 
+ Tm2pqe-jr, Z, 
(IIm'pq 
- 17 pq 
2 
217. ej"Pqz' 
(3.26) 
2 jr, 2pq Z, (12 21 
17 m -172 
-jrpq 1 
qe+T. 
'p, e mp pq mpq 
Zi ('7mpq + '7mpq 
217, 'pe-jr"lz' 
Rearranging gives 
, Z. 
jypq 
pq 2 
2e 
-- 
(17. ', +17.2pq) ej)2zl(j7mpq-, 7. -pq) Rm 
mpq 
2i7, e jr", z, 
+ 
2171 e-jy"'zl mpq 
(3.27) 
_jy, 
2Zl (17,2- ) 2- 
- ? 7mpq e 2e mpq m 
-jr"'z'(17m'pq + ? 7mpq 
mlpq T+. =- mpq 
2' ejy; 'z' 277, 'Pe-jr' z' A llm'pq 
which can be simplified to 
pRL +T 
2 Rv 'q q mpq mpq mpq A 
(3.28) 
Expressions can now be formed for T' ,T2, R' and R2 in terms of the modal mpq mpq mpq inpq 
admittances and propagation constants. 
Substituting R!,, from eqn. (3.11) in eqn. (3.25) 
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2 E2 
RD pq I+ Tm'pq RY= mpq (3.29) m ýpq mpq -T mpq 
(AA 
which gives 
m 
V2 
- Rfpq I mpq 
kmpq 
(3.30) T. pq - DT A (Rmypq- Rmpq 
Similarly, substituting T' from eqn (3.11) into eqn. (3.25) mpq 
-2 -I 
RIDE,,, Pq 
. 
(R 
-Ry -Rypq (3.31) pq mpq mpq mA 
Rm'm =IE, 
2,, 
pq - 
R. Ypq f, ',, 
pq (3.32) 
A (R. Dp, -R. YPT 
Now, from eqn (3.14) 
22 
2 mpq jypqz 2 2jY2 z Te-R, 'Pe (3.33) mpq A 
which, when substituted in eqn. (3.28) gives 
2 
2 2ir' z2 L ejy 
' z' -R, 2, pqe 
pq ipq RmpqR, 'pq + P, (3.34) 
AA 
yielding 
jr2 z2 E, "pq -E2Re 2 mpq MM 
mpq A RL -Rv e 
2ir, 2z2 (3.35) 
mpq mpq 
10 
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Similarly, from eqn. (3.14) 
jy2 2 pq 2 -2jr, 
2qZ2 
2 
R, ',, 
pq= 
E'-P' 
e- - 
T,,, 
pqe A 
which, when substituted into eqn. (3.28) gives 
Pq _T2 
-2jyp2 z2 2 mpq RL 
&P-2 
e-jr"lz2 
mpqe 
pq + Tm"PqRv mpq A mpq A 
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-1 -2 L-2 
T2E,,, Pq- 
E, ',, 
PqR; 
'Pqe-, Y", 
,, q 2 A Rv -RL e 
-2jr,, z2 
mpq 
. 10 
Expressions also need to be obtained for T3 and R3 to form the MFIE at Zý--Z2- mpq nipq 
At Z--: Z3 
-3-3.0 3 JY Z3 3 -Jy Z3 + -JypqZ3 R, 
npqe " +T e =T e njpq ntpq 
and 
33 jyp3qZ3 3 jr 3 Z3 pq e- -e Fq 770-, PqT"*' 
-jyo 4, 17 T R. pq e mpq 
( 
mpq 
Multiplying eqn. (3.38) by i7o and subtracting eqn. (3.39) leads to mpq 
33 
R3 
jy; 
"Z3 033 -jr 
, 
',, 
pqe +? 7; ýJ+ T. e 
()7. 
pq pq 
(3.36) 
(3.37) 
(3.38) 
(3.39) 
(3.40) 
(3.41) 
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(. 0 ,)3 
R3 -e 
-2jyp39Z3 Vimpq - '7mpq T mpq -3 ) mpq TI7mopq + '7nlpq 
3.3.3 Formulation of the Integral Equations 
(3.42) 
It is now possible to form the two MFIE's at z=O and z=z2 by the application of the 
appropriate boundary condition. The boundary condition applied is that at z=O and z=z 2 
the tangential electric and magnetic fields are continuous across the aperture regions. The 
continuity of the magnetic field at z=O is used and the following equation is applied: 
Cr, O) =H+ Cr, O) (3.43) 
When this condition is applied using eqns. (3.2) and (3.4), and R, -,, P, 
is substituted in terms 
Of T. pq 9 
R, ',, 
pq and 
T,, ', % the following expression is derived for the MFIE at z=O 
)7,0 oo T. 
'j Too Lr) Z^ XKm 00 
moo 
1101 
ZXK 
Yj (Tmpq ('7mpq + '7mpq 
)+ 
Rmpq ('7mpq - 17mpq 
» %ypq (Z: ) 
nlpq 
mpq 
Using eqns. (3.30) and (3.32) one arrives at 
(3.44) 
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- '7mpq mpq 
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yDDI 
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-Rmypqý 
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pq + mpq 
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Tmpq Cr) 2X 
-'Kmpq 
mpq A (Rmypq- Rpq 
) (Rmpq- RmypqT 
where, 
212 jr", Zl 2r irpqZ2 
RDe 
(17.1pq + 77;; ýj ej? """ ej "z' ()7,,,, q-17'pq 
)e- 
mpq -2 jy, 2. Z, 2 _j., 
2pqZl (3.46) 
2)7mpqe 2)7mpqe 
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(3.45) 
212 jy"zl 21 42 12 jYpqZ2 
Ry - 
e- 
(Ilmpq 
- '7mpq) e J"p' e-jr"' 
(llmpq 
+ ? Impq)e- 
(3.47) 
mpq jyp2, Zl jy2 ZI 22 pq 2? 1;; ýqe 217mpqe 
Eqn. (3.45) is the MFIE at z=O 
To form the MFIE at z=z2, the boundary condition applied is 
H2 (Z: 
9 Z2 
) 
-«2 
H3 (1: 
9 Z2 
) 
from which, by equating eqns. (3.6) and (3.8), one obtains 
(3.48) 
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jyp2qZ2 jr2 z2 222 pq 
e ZXK 
1, ? 7mpq 
(Tnlj 
qe R. pq 
) 
Tpq ý 
MP9 
mpq 
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jy'pqZ2 
(3.49) 
p e 
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e- R' Tpq 
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ZX Kmpq 
id 17mpq 
mpq q 
mpq 
The expression on the right hand side of eqn. (3.48) can be reduced to one containing 
known quantities and q 
by using eqn. (3.41) and the continuity of the tangential electric 
field at z=z 2- This results in: 
2H 
3 
(T3P 
pq pq 3m mp -jr, 3 
jy, Z2 
fmpqRmpq rl 
me ')7n qmpq eR ilpq 
)7 
ipq ARmGpjq 
(3.50) 
where, 
-3-3 RH 
-JYMZ2 F JYpqZ2 
R,,, 
Pe (3.51) 
.3-3 
RGFJ pq., 
2 jrpq"2 
. pq= 
R mpq ee (3.52) 
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0 -2jy 3 pq m 17., Fe Z3 
(17mpq 
q Rmpq 
3 (3.53) (17m0opq +l7mpq 
The MFIE at Z=Z2, therefore becomes 
E2 
(T2 
_jy2pq 12 
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jy2 Z2 
mpq 
17mpq 
mpqe 
R.,, e 
) 
Tp, Cr) ZX Kmpq 
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Substituting eqns. (3.35) and (3.38) leads to 
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Rearranging and collecting terms, produces the MFIE at Z`Z2 
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The transmission coefficient is given by: 
.0 JYpqZ3 'Z3 3 43 -2 B 
+eF irm -Jr A e +e Pq m 
(R 
r 
pq pq 
X. 
pq - 
Em'pq Zm-pq 
A 
where, 
(3.59) 
R. vp e 
jrpqz2 
Rv e 
-jrpqz2 
A, mm "q "+2 (3.60) 2GL -2jrpqz2 iq 
- Rv e"' R 
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The two MFIE's can now be coupled into a single matrix equation, which is then reduced 
to a system of linear equations by the Method of Moments. The procedure is the same as 
that outlined in Section 2.3.4. 
3.3.4 Waveguide Modes as Basis Functions for Rectangular Apertures 
The linear dipole conductors in Chapter 2 were represented by entire domain sinusoidal 
and cosinusoidal basis functions but for the apertures waveguide modes have been 
employed. These allow for the modelling of two-dimensional patch elements, which is why 
they were chosen, although only linear dipoles have been considered for the results. This 
section outlines the waveguide modes used to represent the aperture dipoles and the 
equivalence between the sinusoids is noted. Fig. 3.4 shows the conventions adopted in the 
use of the waveguide modes. 
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bI x 
Ficy. 3.4. Dimensions of aperture as applied to waveguide modes L- 
The tangential electric fields within the aperture regions are represented as a SUrnmation 
over both TE and TM waveguide modes, which are described as follows: 
TM modes: 
Cos sin 
a 
and 
TAI = _ý 
2 ýý 'I ýslný 
Cos 
(3.59) 
(3.60) 
TE modes: 
ýe 
.. t%, Cos 
c 
ýsln 
(3.61) 
and 
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:< 
a 
TE nvr wr y' 
ýee' ( 
-m sin( 
x' Cos 
acab 
(3.62) 
where x It =x- 
a, Y'=Y- 
bm 
and n are the waveguide mode indices, en and e,, are the 22 
Neumann factors such that: 
em. n = 
1: m, n=0 (3.63) 
ern. n=2: m, n*O 
and 
(3.64) 
These waveguide modes have equivalent sinusoids which enables the same modes to be 
modelled as for the conducing dipoles i. e. the zero ended sinusoids and cosinusoids. The 
waveguide modes and their sinusoid equivalents are set out in table 3.1. 
Waveguide mode Corresponding Sinusoid 
TEjo cos(Tcx/a) 
TE20 sin(2nx/a) 
TE30 -cos(3nx/a) 
TE4o -sin(4nx/a) 
TE5o cos(5nx/a) 
TE6o Sin(6nx/a) 
Table 3.1. Waveguide modes and equivalent entire domain sinusoids 
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3.4 Representative Results 
In this section results are presented for linear dipole elements in both the RFSS and close 
coupled configurations. It will be seen that, In general, the performance is not as good as 
that achieved usin- conductino elements insofar as losses are introduced with the relative L- L- 
displacement of one layer to another. The same terminology applies as in Chapter 2 with 
reference to element and lattice dimensions but because the elements are rotated 90' the 
displacements DSY and DSX now apply to the width and length of the elements 
respectively. This is depicted in Fig. 3.5. 
L2 , 
DSXjr ... ir ir =I W2 
DY r ir 
DSY & lb 
II 
DX 
I 
wl 
Ll 
Fig. 3.5. Plan view of vvo-layer aperture FSS. Dotted elements represent layer 2 
DSX and DSY indicate the possibility of a two dimensional shift, and this is investigated in 
the close coupled results. The RFSS results rely only oil DSX (along the element length). 
The incident electric field is polarised along the y direction as is required to induce tile 
electric field in the apertures to be along the small dimension. 
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3.4.1 Results for Reconflgurable Aperture FSS 
The experimental set up used to test the performance of the RFSS apertures is the same 
used for the conductors and was detailed in Section 2.4 so will not be revisited here. The 
arrays considered were identical in each layer being linear dipoles of length 3.5mm, width 
0.3mm arranged on a square lattice of 5mm periodicity. Each was etched from a 9ýtm 
copper sheet supported on a polyester dielectric substrate of thickness 50gm, relative 
permitivitty 3 and tan8 of -0.002. They were placed in the positioning jig and every effort 
was made to ensure a uniform separation (air gap) between the arrays. In these results DSY 
is zero at all times and the effect of only DSX is considered. In the model 17 Floquet 
modes for each layer were found to be sufficient to produce convergence of the results. 
The following modes were used for the fields within the aperture regions: TE10, TE20t 
TE30, TE40 and TE50. These represent the entire domain basis functions as shown in table 
3.1. Fig. 3.6 shows comparisons between measured and predicted results for normal and 
TE: 451 incidence with DSX =0. It can be seen from Fig. 3.6a that at normal incidence the 
agreement is very good in the higher frequency regions especially around the passband at 
about 37GHz and the null at about 39GHz. The agreement is not quite so good, however, 
at lower frequencies below about 30GHz where the measurements exhibit undulations. 
This is not surprising when the multilayer nature is considered. The fact that the arrays are 
apertures etched from a copper sheet will allow the possibility of reflections developing 
within the RFSS and possibly outside as well if the sheets are not extremely flat. This 
emphasises the importance of ensuring all surfaces are completely flat and the air-gap is 
uniform. 
Fig. 3.6b shows the effect of changing the incidence of the electric field to TEAP. The 
instability of the passband is shown and there is a loss at the inband resonance of about 
2.5dB at 35GHz. This is because the grating lobes have been brought into play by the 
increased angle of incidence, thereby destabilising the resonance. The agreement between 
measured and theoretical data is still very good above about 30GHz with the model 
accurately following the trends of the measurement. Below 30GHz, however, the effects of 
the reflections within the structure have been amplified by the increased angle of 
incidence. 
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Figs 3.7a and b show the same two scenarios, but with a displacement, DSX, of 1.5mm 
introduced between the two layers. Fig. 3.7a shows the transmission response at normal 
incidence and exhibits a distinct narrowing of the passband at around 35.5GHZ. 
Unfortunately there is now a loss of about 7dB on the measured result which cannot all be 
accounted for by the loss tangent as the model only predicts about 3dB loss. The excess 
4dB is likely to be due to dissipation within the dielectrics and air-gap due to the very 
strong coupling fields between the arrays. Increasing the incidence to TE: 45' in this 
instance completely destabilises the resonance and introduces a loss of more than lOdB 
when compared to the unshifted, normal incidence case in Fig. 3.6a. The undulations are 
again prominent but have now moved higher in frequency and start at about 32GHz. 
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Fig. 3.7b. RFSS Apertures: DSX=1.5mm, TE: 45' incidence 
3.4.2 Results for Close Coupled Aperture FSS 
Arrays of the same dimensions as in the previous section were used to study the close- 
coupled aperture FSS. This was to enable a detailed study of the effects of the relative 
displacement to be undertaken. Four different close couple FSS are considered here, the 
differences between them being in DSX and DSY and the substrate. Table 3.2 gives details 
of them. Arrays A, B and C are etched from 1/4oz copper on a 75gm polyester substrate 
whilst array D is etched on a considerably lower loss Kapton substrate. 
Array A is aligned so that it resembles, optically, a single layer. Figs. 3.8a-c display the 
measured and predicted transmission responses for this array for normal. TE: 45' and 
TM: 45* incidences. At normal incidence the array resonates at around 36GHz and it's 
behaviour is similar to that expected of a single layer with the same element and lattice 
geometries. There is an inband loss of 0.5dB at 36GHz and the percentage bandwidth is 
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11.4%. An interesting feature is the pronounced step at around 24GHz, which is not 
observed in the single layer case. The predictions give an excellent match to the measured 
results across the frequency range of interest. As the angle of incidence is increased there is 
Close Coupled Array DSX(mm) DSY(mm) Substrate thickness(ýtrn) Loss tangent 
A 0 0 75 -0.004 
B 0 2.5 75 -0.004 
C 2.5 0 75 -0.004 
D 2.5 0 108 -0.002 
Table 3.2. Description of displacement parameters for four close coupled aperture arrays 
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Fig. 3.8c. Close Coupled Array A: TM: 45' incidence 
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a marked disruption to the shape of the curve. This is true for both TE: 45' and TM: 45' 
incidences. For TE: 45" the array is very much more lossy than at normal incidence, and the 
fact that the model has not captured all the loss seems to indicate that it is largely due to 
dissipated losses within the dielectric. However, at TM: 45', there is no increase in the loss 
but there is more disruption to the shape of the curve as the passband has moved from 
36GHz to 32.5GHz. This instability is due to the encroachment of the grating lobe, which 
can be seen clearly near 35GHz. In both cases there is good agreement between measured 
and predicted data, although this is especially true for TMAY, but at lower frequencies 
below about 25GHz, the measured data exhibits similar undulations to those obseryed in 
the RFSS case. Nonetheless the theory follows the measured results very well. 
Figs. 3.9a-c show the effect of introducing a shift of DSY=2.5mm (DY12). Compared to 
Fig. 3.8 the effect is extreme, moving the passband to 18GHz, which represents a shift of 
about 50%. There is also a reduction in bandwidth from 11.4% to 3.1%. There are, 
however, large losses in the passband of about 12dB. This loss is probably due to two 
factors. The strong fields within the separation region will amplify any losses due to the 
dielectric within the passband which has a high Q. A further contribution, though smaller, 
may come from the contribution of adhesive layers used in the manufacturing process to 
bond the copper to the dielectric. In order to match the measured with predicted data it is 
necessary to model a loss tangent of 0.02, which is five times greater than the quoted 
value. A loss tangent of 0.004 reduces the loss to about I. 8dB and Fig. 3.9a clearly 
demonstrates the effect of a zero loss substrate where there is zero loss at resonance and a 
bandwidth of less than 1%. Figs. 3.9b and 3.9c show that the passband stability has 
increased due to the introduction of DSX. It is interesting to note that compared to the 
normal incidence case TM: 45" incidence exhibits less loss at around lOdB whilst TE: 45' 
incidence exhibits more at around 15dB. In most cases the agreement between 
measurement and theory is very good with the only exception being for the TM: 45* case 
where there is a pronounced peak in the measurements at about 34GHz. 
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Fig. 3.9c. Close Coupled Array B, TE: 45" incidence 
The final set of results looks at arrays C and D. They have the same geometries with 
DSY=O and DSX=2.5mm but they are etched on different substrates, with array D being on 
the low loss Kapton dielectric. Figs. 3.10a and 3.10b show the comparison between arrays 
C and D at normal incidence. The first thing to note is that there are two passbands with 
one at about 38GHz and the other at about 19GHz, whereas Fig. 3.8a shows the unshifted 
array to resonate at 36GHz. The main resonance is that at 19GHz which will be seen to be 
more stable than that at 38GHz due to the proximity of the grating lobe region. The low 
frequency side of the higher resonance could just be seen between 35 and 40 GHz in Figs. 
3.9a and b. In terms of the resonant frequency and response shapes the predicted and 
measured results match up very closely. The arrays resonate at the same frequencies but 
there is a difference of around 3.5dB in their respective losses, due to the Kapton used for 
array D having much lower loss than the polyester used for array C. The effect that a very 
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lossless substrate would have is also shown by the inclusion of the predicted response with 
a zero loss tangent. The same bandwidth savings have been made as that with array B i. e. 
from 11.4% to 3.1%. 
When the incidence is changed to TE: 45* (Figs. 3.11 a and b) and TM: 45' (Figs. 3.12a and 
b) there is a marked change and deterioration in array performance except for Array D 
TM: 45*. For TE: 45* the two passbands generally tend to move together and coalesce and 
there is no resonance really to speak of. The upper resonance, which is affected by the 
grating lobes reduces to virtually nothing. For array C the lower resonance shifts up in 
frequency by about 14% and the loss is increased by about 5dB whilst array D experiences 
the same frequency shift but only about 2.5dB of increased loss. For TM: 45* incidence the 
lower resonance of array C shifts down in frequency by about 8% but again there is an 
increased loss of about 2.5dB. Array D, on the other hand, demonstrates a reasonably 
stable response at this incidence. There is a downward frequency shift of about 4% but no 
significant increase in the passband loss. Primarily, this is due to the fact that the Kapton is 
a lower loss substrate than the polyester but also that the shift in DSY is less susceptible to 
oblique TM incidence than TE. 
Overall the results for the four close coupled aperture arrays indicate that narrow 
passbands and increased stability are achievable with this method, although the direction of 
the relative displacement between arrays is significant. This is highlighted by the 
difference in performance between arrays B and D. Whilst the passband performance of 
array D is generally better, it appears that the most desirable displacement would be in DSY 
rather than DSX. The benefits are that there are no higher frequency effects near the main 
resonance. Figs 3.9 a-c clearly show that there is very little interference from these sources 
except that for TMAY incidence which has been commented upon. This is probably due to 
the displacement DSY being in the same direction as the incident (and aperture) electric 
fields. It was noted in Chapter 2 that in order to produce the maximum effects it was 
necessary to displace one array in the same direction as the incident field and that seems to 
be the same in this aperture case. 
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3.5 Conclusions 
In this chapter a two layered aperture FSS has been examined. Two configurations were 
discussed; a reconfigurable FSS making use of two separate single layer arrays and a close- 
coupled FSS that uses two arrays on a single dielectric sheet. The objective was to take 
advantage of the strong coupling between the tangential electric fields within the aperture 
regions of the arrays in a similar fashion to the currents on the conducting elements studied 
in Chapter 2. A model has been developed to cater for both scenarios, which relied on the 
formulation of two, coupled, magnetic field integral equations in terms of the unknown 
fields within the apertures. These are then solved using the Method of Moments with the 
unknown fields represented by two-dimensional waveguide modes. 
Results have been presented for both the reconfigurable and close-coupled FSS's. The 
results for the reconfigurable case did not produce the same magnitude of effect as was 
observed in Chapter 2 with the conductQrs. Certain problems have been identified 
associated with this situation. Primarily these are the necessity to keep the predominantly 
copper arrays very flat and also to keep the air-gap between them constant across the 
whole array. Further, there was a lot of inband loss observed in almost all cases and this 
cannot be accounted for by the substrate losses themselves, although the impact of a very 
low loss substrate has been discussed. A detailed examination of the fields within the 
dielectric separation region would be needed to accurately assess the origin of these losses, 
as it is likely to be due to the strong fields set up with the introduction of DSX and DSY. 
The close-coupled results were very promising, and have been published [6]. The 
advantage over the reconfigurable FSS being that the relative displacements are 
incorporated during manufacture and maximum coupling is encouraged by the integrated 
nature of the structure. Results have shown that it is possible to achieve percentage 
bandwidth reductions from 11.4%, in the undisplaced case, to 3.1%, and although this is 
accompanied by substantial inband losses it has been shown theoretically that with a 
lossless dielectric the bandwidth could be further reduced to about 1.25%. The angular 
stability of the structures has been calculated at about 4% at TM: 45' for array D and the 
significance of the displacement being in the same direction as the incident electric field 
has been commented upon. 
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CHAPTER 4 
Complementary Frequency Selective Surfaces 
4.1 Introduction 
In this chapter aspects of a complementary frequency selective surface (CFSS) are 
examined. As its name suggests the CFSS is, effectively, a hybrid of the close coupled 
FSS's covered in Chapters 2 and 3 whereby a layer of aperture elements and a layer of 
conducting elements are etched either side of a supporting dielectric substrate. Little work 
has been published on the use of complementary elements, although similar structures have 
been investigated [1]. The elements need not necessarily be the same either side of the 
substrate but in the cases studied here they are. The CFSS takes advantage of the 
interaction between the different elements to produce very strong fields in the separation 
region and a resonant frequency that is much lower than that of a single layer array 
(aperture or conductor). As a result, the resonance is far from the grating region and 
excellent angular stability can be achieved for both TE and TM incidences. 
Section 4.2 will introduce, and give an overview of, the CFSS concept and will highlight 
the fundamental differences from the RFSS and CUSS discussed in Chapters 2 and 3. The 
structure of the CFSS is, in fact, similar to the close coupled FSS in that two arrays are 
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supported on the same substrate. For the CFSS, however, there is one layer of conductors 
complemented by a layer of apertures. It will be appreciated that for polarised elements, 
such as the linear dipole or tripole, the conductors and apertures must be rotated by 90' 
with respect to each other in order that they will both be resonant. This does not apply to 
symmetrical elements like rings or square loops. When the electromagnetic boundary 
conditions are applied at each interface, this gives rise again to two integral equations. In 
this case a MFIE is formed for the fields within the apertures and an EFIE for the currents 
on the conductors. These are solved in the normal fashion using the Method of Moments 
[2] for the unknown fields and currents. The electromagnetic analysis is detailed in section 
4.3. 
Representative results are presented in section 4.4. Results obtained from the model are 
compared with those measured for different CFSSs of linear dipoles and single rings. 
Comparisons are made for both TE and TM incidences of 30' and 45', as well as for 
normal incidence. The angular stability is compared to that achieved with the close- 
coupled FSS in the previous chapters and found to be much superior. The CFSS, as 
described in this section is the subject of a UK patent application [3]. 
4.2 CFSS Concept 
It has been seen in the previous chapters that by placing two identical arrays in close 
proximity very stable responses can be achieved. The hybrid resonance appears far from 
the influence of the grating lobe region, which is related to the array periodicity. In effect, 
the resonance is due to that of an element which is electrically much larger than the 
elements employed in the design. The CFSS again makes use of this phenomenon but the 
interaction between the complementary elements results in ultra stable responses for both 
TE and TM incidences due to the contributions from both the elements in the unit cell. 
The basic CFSS structure is the same as that of the close coupled FSS. Array patterns are 
etched from the copper glued to either side of a polyester substrate, which acts to support 
both layers. A schematic representation of the CFSS is shown in Fig. 4.1. In Fig. 4.1 the 
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aperture and conducting elements are shown, not to scale, either side of the supporting 
dielectric. In the case of each set of elements, they would be about 9pm thick, much 
thinner than the dielectric, but are depicted as being thick here for clarity. 
Array of aperture 
elements 
Dielectric 
I 
I 
W, 
/ 
Array of conducting 
elements 
Fig. 4.1. Representation Of Complementary FSS Stl-UCtLire 
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Fig. 4.1. shows the principle that the CFSS is made up of two separate, complementary 
arrays. In isolation, when illuminated by an incident plane wave both arrays become 
resonant due to the currents and fields induced; and if the two sets of array dimensions are 
identical, as in the cases studied here, the resonant frequencies are the same. When they are 
in very close proximity the transmission responses produced by the two layers interact with 
one another across the frequency range. At the resonant frequency, when the conducting 
array is almost totally reflective and the aperture array almost totally transmissive, the total 
response is mainly reflective. This is true over most of the frequency range. However, at 
the frequencies where the two transmission responses intersect, they are of equal amplitude 
but out of phase. At these points the arrays interact very strongly and high field magnitudes 
are generated in the dielectric region which lead to the elements, and hence the CFSS 
becon-dng resonant. Because there are two intersections two resonances are produced (f, 
and fu) this is shown in Fig. 4.2. - 
1 
CD 
0 
0 
cn 
cn 
E 
cn 
frequency No 
Fig. 4.2. Interaction of two arrays to produce CFSS response 
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This shows the overlapping of the transmission responses of the different single layer 
arrays which independently would each have a resonant frequency at fi-, provided the 
elements were identical in geometry. In the CFSS the arrays are very closely linked and the 
overall effect is to produce two separate and narrow passband responses at roughly the 
frequencies where the two transmission curves intersect, fi and f, The behaviour of these 
passbands is the key of the CFSS because they behave very differently. The lower band, 
centred around fi, is termed the main resonance for our purposes, as this is the one that 
exhibits the outstanding angular stability. This is due to the fact that the resonant state of 
the CFSS creates this band far away from the grating lobe region at the higher frequencies. 
The upper, or secondary, band at f. is much closer to the grating lobes and they therefore 
have a considerable influence on it at oblique angles of incidence in terms of f, shifting 
significantly when the angle of incidence is varied. 
4.3 CFSS Theor 
The procedure for obtaining the integral equations for the CFSS is similar to that in 
Chapters 2 and 3 in that the standard electromagnetic boundary conditions are applied to 
the structure at the boundaries between the different regions. A section of the CFSS is 
shown in Fig. 4.3 and this illustrates the conventions adopted for the various transmitted 
and reflected fields in the analysis. Included in the analysis is a supporting dielectric layer 
and the parameters relating to this are denoted by the superscript '1'. The parameters of the 
region outside the dielectric region, which is considered here to be air, have the superscript 
Two integral equations are formed in terms of ý and E- which are the Floquet transforms 
of, respectively, the currents on the conductors at z=O, and the fields within the apertures at 
z=d. The derived equations are solved for the unknown fields and currents by means of the 
method of moments [2]. 
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The relationships of the fields in the different regions are as follows: 
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Fig. 4.3. Cross section of CFSS showing dielectric sandwiched between two arrays 
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4.3.1 The Fields Within the Dielectric 
In order to derive the two coupled integral equations, expressions for the electric and 
magnetic, transmitted and reflected, fields within the dielectric region (T .. pq and Rpq) Must 
first be obtained. These are found by the application of appropriate boundary conditions 
and the matching of the fields at z=O and z=d. The boundary conditions are the same as 
those used in chapters two and three, but in this case they are used in conjunction. They 
are: 
1. At z=O, the tangential electric field is continuous and the tangential magnetic field is 
discontinuous. Further, the total electric field is zero on the conductors. 
2. At z=d, both the tangential electric and magnetic fields are continuous across the 
aperture regions. 
These conditions can now be used to initially establish expressions for the fields within the 
dielectric region. 
At z=O, 
E ine Cr, O) = ECr, O) (4.8) 
TI nc 
,, 
', 'Oo + R, -,, Pq=T +R (4.9) mpq mpq 
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H- Lr, O) = H(. [, O) (4.10) 
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flaving established an expression for Rmpq in terms of 7 and E, an expression for T .. pq can 
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By substituting for R,, pq from Eqn. (4.18) one gets, 
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(4.22) 
(4.23) 
(4.24) 
4.3.2 Formulation of the Integral Equations 
Having derived the expressions for Rmpq and Tmpq the boundary conditions can now be 
applied at z=O and z=d to obtain the integral equations related to each layer. Firstly, at z=O, 
we force the total electric field on the conducting regions of the unit cell to be zero, in 
order to derive the Electric Field Integral Equation (EFIE). 
At z=O, 
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The Magnetic Field Integral Equation (MFIE) at z=d is obtained by applying the condition 
that the magnetic field is continuous across the apertures, which leads to 
E. 
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The MFIE and the EFIE can now be coupled into a single matrix equation, which follows 
the same procedure as that described in Chapter 2. In this case it is the coefficient of f in 
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the EFIE and J in the MFIE which describe the coupling between the conductors and 
apertures on the different layers. 
4.4 Measurements of Representative Arrays 
The key aspect of the CFSS is the coupling of the evanescent fields within the dielectric 
region which is achieved by having the elements closely spaced so that the fields due to 
each being resonant are forced to interact. Two elements will be examined in the CFSS 
configuration, being linear dipoles and single rings. Dipoles have been widely discussed in 
chapters two and three so will not be looked at in detail again here but comparisons will be 
drawn between theory and measurement in Section 4.4.1. The ring element has not been 
encountered previously and will be discussed in section 4.4.2 where comparative results 
will also be presented. 
4.4.1 CFSS with Dipole Elements 
Of all the potential elements for use in the CFSS the simplest is the linear dipole that has 
already been employed for the close coupled and RFSS in both conductor and aperture 
cases. Here, a conducting dipole is coupled with its free space Babinet complement the 
aperture dipole. Babinet's principle states, relating to optics "when the field behind a 
screen with an opening is added to thefield of a complementary structure, the suni is equal 
to the field when there is no screen". Although the presence of the dielectric in this case 
means that the separate elements are not direct Babinet compliments the principle is 
preserved [4]. Babinet's principle in optics also takes no account of the polarisation of the 
radiation but such an omission cannot be made in this case since the orientation of the 
electric field is of fundamental importance. 
Fig. 4.4 shows the array geometry and element orientation with respect to the incident 
electric field in this case. The apertures are rotated 90' with respect to the conductors so 
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Fig. 4.4. Dipole CFSS Geometry and Orientation 
that both elements will be polarised with the electric field as depicted and therefore 
resonant. The material used in the construction of the arrays consists of' sheets 
approximately 280rnm x 300nirn which are made up of a layer of dielectric (polyester) 
25l, trn thick sandwiched between two layers of 1/4oz copper (9ltrn). The dielectric has a 
relative permittvity of 3. The CFSSs are etched using the techniques described in Section 
2.2.1. 
The unit cells of each array are identical being on a sqUare lattice with periodicities D. v and L- 
Dy equal to 41m-n. The element dimensions are also identical having WI=W2=0.3111111 and 
LI=L2=3.5rnrn. In the computer model three basis functions were used for each layer. For 
the conductors cos(7, ý, /LI), sin(27, ý, /LI) and cos(37iy/L I) were used and for the apertures (lie 
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waveguide modes described in section 3.4.1 were used to reproduce the sinusoidal modes 
cos(nx/L2), sin (2nx/L2) and cos(3; zx/L2). In each layer 13 Floquet modes were found to be 
sufficient per unit cell to cover the spectra of these bases. The maximum coupling between 
the dipoles is achieved when their centres are coincident because the maxima of the 
dominant (cosinusoidal) basis functions is at this point and it is desirable for optimum 
performance to have current and field maxima as proximate as possible. Due to this, there 
is no need for a relative shift of the spectra of the Fourier transforms of the basis functions 
on different layers to facilitate coupling so DSX and DSY are both zero in the case of the 
dipoles, although this is not the case for the rings. 
Figs. 4.5a-4.5c show a comparison of measured and theoretical data for the dipole CFSS 
described above at normal incidence and oblique TE: 30' and TE: 45' incidences 
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It can be seen that the measured results have been closely predicted for all incidences. The 
passband resonance is stable at around 13.2GHz with the null between 23 and 24GHz. The 
resonant frequency displays remarkable angular stability to TE: 45' and is, in fact, stable to 
within 1% which is superior to the close coupled FSS (conductor or aperture). There is, 
however, in all cases a loss at resonance of around MB. The loss tangent of the dielectric is 
about -0.003 but using this figure in the simulations results in a loss of only a few tenths of 
a dB. The actual value needed to match the measurements is -0.03, which is clearly not the 
case in practice. The observed loss is probably due to a combination of two things: the high 
fields in the dielectric may indeed cause higher than normal dissipative losses in the 
material, but there is likely to be a contribution from mismatch and reflection losses at the 
CFSS itself which was observed in the case of the close coupled aperture arrays in chapter 
3. It is a characteristic of the closely coupled structures that have been studied to exhibit a 
loss in excess of that which can be accounted for in the simulations by the inclusion of the 
nominal loss tangent of the dielectric. 
Figs. 4.6a and b show the comparisons for TM: 30' and TM: 45' incidences of measured 
and predicted results. It is interesting that in the case of the CFSS, extreme angular stability 
is demonstrated for oblique TM incidence as well as TE incidence, which was not 
observed for other closely, coupled structures. It is also interesting to note that the resonant 
loss for TM: 45' incidence is only about 2dB which is the lowest of all the dipole CFSS's 
and contrasts with the TE: 45" case, where the loss is about 4dB, which is the worst case. 
The fact that the loss changes with incidence supports the supposition that it is primarily 
due to mismatching at the CFSS which would be inclined to vary with changing angles of 
incidence. Dissipative loss in the dielectric is likely to be constant for all incidences, even 
if higher than suggested by the given loss tangent, because the fields within the dielectric 
appear to be fairly constant for all incidences as witnessed by the maintaining of the 
angular stability to within 1%, relative to normal incidence. It is this ultra angular stability 
that is the trump card of the CFSS as it exceeds anything achievable by using two arrays of 
identical elements. 
It was noted that the numbers of basis functions and Floquet modes chosen were adequate 
to model the dipole CFSS. As an exercise the model was run using just one current mode 
in each layer (cos; zy/Ll) and cos(, -zV-L2), which are the dominant modes, to 
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see what the effect would be. It was found that the model correctly predicted the passband 
resonant frequency but those phenomena at higher frequencies were not accurately 
identified when compared to the measurements. Specifically, the null, which is at 
about23GHz when using three current modes in each layer was broadened and centred at 
about 29GHz, and that the positive slope of the upper (secondary) resonance was 
constantly about lOdB below its correct level -a consequence of the higher frequency 
effects being predicted at a much higher frequency than they physically occur. This 
verified that the higher order basis functions are necessary to accurately represent the 
currents and field generated on and within the conductors and apertures. 
4.4.2 CFSS with Single Ring Elements 
The attention so far in the thesis has been on the use of linear dipole elements and this has 
been due largely to the fact that they lend themselves to the close coupled and RFSS work 
studied earlier when displacement in one direction was desirable and needed to be easily 
controlled. However, with the CFSS, there is slightly more scope in terms of the elements 
that may be used due primarily to the fact that interaction between electric currents and 
magnetic fields is the physical property to be harnessed, and non-linear elements provide 
more freedom to achieve this. 
In this section a CFSS from single ring elements is investigated. Rings have been 
extensively studied as elements for FSS, for example [5,6]. They exhibit good cross polar 
performance and allow close packing of the elements. It is this second property that is 
taken advantage of in the CFSS with ring elements. Because the rings are not polarised in 
the same way as dipoles they cannot be arranged to be co-centric on the different arrays, as 
this does not generate the required level of coupling between layers. Instead, a shift of one 
layer with respect to the other is introduced at the manufacturing stage, so that there is an 
overlapping of the apertures and conductors and hence coupling between the fields and 
currents. Fig. 4.7 shows the arrangement used for the CFSS. The identical elements are 
arranged on identical square lattices on the different layers. Coupling is maximised by 
introducing the shifts in two directions - DSX and DSY. The overlapping effect this 
produces can be clearly seen. 
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Fig. 4.7. Arrangement ofring CFSS showing relative shifts between layers It, ZI L- L- 
The dimensions used in this case are W=O. 15mm, Ri,, = 1.1 mm; Dx=Dv=3nim. The relative 
shifts are of halt' a lattice period in each of the two perpendicular directions such that 
DSX=DSY=l. 5n1ni. The dielectric was 75ýtni thick with t-, =3, as previously. 
In modellino tile rings the linear sinusoidal basis functions are clearly no good so a I- It, 
particular basis function is used that takes account of the ring's shape. They are of tile 
form: 
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it. (a)= N cos ma 
and 
(a)= N sin na 
(4.32) 
where N is a constant function and (x represents the angular position of a point on the 
circumference of the ring element from 0 to 2n. m and n are integers representing the order 
of the basis function. In this particular case m=1,2,3 and n=1,2,3 in both arrays and it was 
found that 13 Floquet modes were again sufficient to cover the spectra in each layer. 
Figs. 4.8a - 4.8c show a comparison of measured and predicted results for the array 
described, at normal incidence, TE: 45' and TM: 45'. The first thing that is evident about 
these results is that the ring CFSS is not as ultra stable as the dipole. The primary passband 
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is centred at about 13.8GHz for normal incidence, but at TM: 451 incidence this moves to 
14.2GHz. This represents a percentage shift in frequency of just under 2%, and whilst not 
as good as the dipole CFSS this is far superior to a conventional planar FSS. Further, the 
better than 2% stability holds for both TE and TM cases which was not the case for the 
close coupled surfaces. It is also interesting to note the slight change in bandwidth as the 
incidence conditions change. From normal incidence there is a narrowing of the 
bandwidth with oblique TE incidence but a widening for oblique TM incidences, although 
the change in each case is very small. 
Once again the CFSS exhibits loss at resonance but it is more consistent than was the case 
with the dipoles at around 2-2.5dB. This will be explained again by a combination of 
dissipative loss within the dielectric and reflection losses at the CFSS face due to 
mismatching between the structure and free space. The effect of the higher order grating 
lobes is more apparent for the rings because the secondary resonance is much closer to 
their frequency of influence. At non-nal incidence, the upper passband is out of the 
measurement range but it moves to 33GHz for 45' oblique incidence for both TE and TM 
polarisation. This clearly demonstrates the destabilising effect of the grating lobes and 
highlights the advantage of having a resonance as far away from this region as possible. 
Overall the agreement between theory and measurement is very good but an artificially 
high value of loss tangent is needed to correctly model the loss observed. 
4.5 Conclusions 
The transmission and angular stability properties of a new, complementary, FSS structure 
have been assessed in this Chapter. A mathematical analysis was performed and 
implemented using a modal analysis technique. It was found that the CFSS delivered very 
powerful performance in terms of angular stability with all cases of oblique plane wave 
incidence, up to 451, resulting in a frequency shift at resonance of less than 2% when 
compared to the case at normal incidence. This is due to the primary passband being 
situated suitably far enough from the grating lobe region so as the destabilising effect does 
not interfere, even at oblique angles of incidence. The CFSS creates electrically large 
elements from physically small ones to such an extent that a ýJ2 resonator in free space at 
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the CFSS resonant frequency would be over three times longer than the perio icity 
employed in the CFSS. The dipole CFSS, for example, resonated at around l3GHz using 
elements that are 3.5mm. in length. In theory these elements (in the absence of dielectric) 
would normally resonate at around 42GHz. The grating lobes would strongly influence the 
resonance at this frequency but the physical resonance at l3GHz is virtually unaffected. 
This makes the CFSS a very attractive proposition for use in applications where filtering is 
required over a narrow bandwidth and the signals to be filtered are not from the same 
direction. This would be true, for instance, in an aircraft radome application where steady 
angles of incidence could not be realistically maintained. It was observed that due to the 
highly coupled evanescent fields within the separating dielectric region, the CFSS was 
inherently lossy and that this loss was a product of dissipative loss and mismatch loss. This 
could certainly be overcome to a certain extent by the use of a matching layer in front of 
the CFSS which would eliminate the reflection losses, but this would still leave the 
problem of the dissipative losses which could only be reduced by the use of a very low loss 
dielectric substrate. 
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CHAPTER 5 
Conclusions 
This thesis has described a study into the theory and practical demonstration of a new 
class of FSS. Specifically two layer FSS have been examined in three different 
configurations: two layers of conducting elements in close proximity, two layers of 
aperture elements in close proximity and a layer each of conducting and aperture 
elements. For each of the first two cases they have been studied in both dynamic, 
reconfigurable configurations (RFSS) and static close-coupled configuration (CCFSS). 
The third case was examined only in the static situation and due to the complementary 
nature of the arrays is known as a complementary FSS (CFSS). 
The initial thrust behind the work was to achieve a RFSS response insofar as the 
stopband of a RFSS of conducting element arrays was aimed to be tuneable over a 
certain frequency range. The method chosen to achieve this was to keep one array fixed 
while the second was moved, in a controlled manner, in relation to it so that the 
coupling between them could be altered and hence the transmission response would be 
tuneable in terms of the resonant frequency. Initial studies examined the possibility of 
using piezoelectric materials to facilitate the relative displacement of the arrays. 
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Polyvinylidene Flouride (PVDF) is a piezoelectric polymer that was investigated. It is 
produced in thin sheets and so lends itself to the sort of radome applications that the 
RFSS was considered for. In the end, however, it proved unsuccessful. This was largely 
due to its flimsy nature and the associated problems of keeping both arrays flat. This is 
an important consideration because the separation between arrays is a critical aspect of 
the RFSS, and above all else must be maintained as uniform as possible over the area of 
overlap (generally about 250x250mm2). A further issue with the PVDF was one of 
safety: applied voltages of more than 3.3kV were needed to produce a linear movement 
of less than 100gm. Considering that a main intention of the RFSS was to be able to 
scan the whole available frequency range, i. e. to have displacements of one period 
(about 5mm), the PVDF was unable to deliver the performance window required. 
Instead, a mechanically operated, micropositioning test-bed was developed and made 
use of a stepping linear actuator to provide the displacements. Using this device a RFSS 
was realised using two layers of conducting dipole arrays. Nominally, a displacement 
increment of 25gm was available, leading to 200 available steps over a unit cell of 5mm. 
periodicity. In practice, however, only a few specific positions were necessary to prove 
the principle of the RFSS. With two arrays of linear dipoles, on square lattices, it was 
found that the RFSS could be dynamically tuned from a resonant frequency of 36GHz 
with no displacement, to 17.5GHz with a displacement of half a period. This represents 
a greater than 50% tuning range, and would be advantageous in multiband switching 
applications. 
When the transmission response of the RFSS was observed for TE: 45* incidence it was 
noted that the angular stability, relative to the angle of incidence, had significantly 
improved with the half period shift. This seemed to indicate, that with the resonance 
now much lower than the unshifted case, the coupling between arrays had changed the 
electrical properties of the elements. To investigate this it was decided to make an RFSS 
type structure with maximum coupling between the arrays (CCFSS). Two dipole arrays 
were etched on either side of a single substrate in both the unshifted and shifted 
configurations. It was found that in this case, with coupling maximised, the angular 
stability improved hugely at oblique angles of incidence, when the arrays were 
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displaced. With no displacement between arrays, when the incidence conditions 
changed from normal to TE: 45* there is a shift in the resonant frequency of 7.7%. 
However, when the same change in incidence change was made to the CUSS with a 
relative shift between the arrays, (less than half a period), it was discovered that the 
resonant frequency shifted by less than 1%. A further theoretical study found that with 
half period displacements the resonant frequency could be kept to within less than 0.3% 
of its original value, for incidence angles up to TE: 45*. 
The measured results were accurately predicted using a model developed in parallel 
with the experimental work. The model involves using a modal analysis technique to 
predict the transmission responses of the structures. The fields close to the arrays are 
expanded as a set of Floquet modes, and when the appropriate electromagnetic 
boundary conditions are applied, two, coupled integral equations are derived. These are 
be solved by the method of moments, using entire domain sinusoids and cosinusoids as 
basis functions representing the unknown currents on the conductors. 
The next phase was to try to implement the RFSS and CUSS using arrays of aperture 
elements. This was an entirely different problem, both practically and theoretically. 
Practically, the two aperture arrays have a passband transmission response, and are 
etched from copper sheets. This makes them prone to permanent or semi-permanent 
deformation and also makes the attainability of the necessary uniform separation 
difficult to achieve. Consequently, the results for the aperture RFSS did not produce the 
same performance as those for the conducting case, although nearly lOdB of switching 
in the passband was achieved, when the relative displacements were introduced. 
The results for the CUSS with aperture elements were very promising and 
demonstrated that narrow bandwidth arrays could be produced with a reduction in 
bandwidth from 11.4% in the case of the unshifted CUSS to 3.1% when the arrays are 
displaced. A drawback to this is that fairly substantial inband losses are introduced with 
the displacements, It was demonstrated that with a very low loss substrate these losses 
could be reduced to nearly zero, but in practice this would be difficult to achieve. 
However, by using Kapton as the substrate instead of the more lossy polyester, the 
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inband loss was reduced to 8dB from about 12dB. It was considered that the high fields 
generated within the dielectric may be contributing to the losses observed although it is 
not obvious how these could be alleviated as the coupling between layers is the 
keystone of the RFSS and CUSS performance. Further studies should involve the use 
of elements other than the linear dipole to assess their suitability in these structures. 
The final part of the thesis dealt with the CFSS, in which an array of conductors and an 
array of apertures was organised in the CUSS configuration. The CFSS delivered very 
powerful performance in terms of angular stability, similar to the conducting CUSS, 
but crucially for both oblique TE and TM incidences. This characteristic could prove a 
real advantage where the application demands not just one polarisation. The shift in 
resonant frequency from normal to both TE and TM: 45' incidences was less than 2%. 
The origins of this improved stability can be found in the fact that the main passband is 
too far from the grating lobe region for them to significantly influence it. However, the 
CFSS also suffered from inband losses, although to a much lesser degree than the 
aperture CUSS, and would probably benefit from the inclusion of a lower loss 
substrate. 
This thesis has shown that the coupling between two, closely separated, FSS arrays, is 
critical in determining the performance of such structures. Two arrays cannot be thrown 
together and hope to produce useful performance if the coupling between them is not 
carefully assessed. It has been shown that much improved stability of the resonant 
frequency of a two layer FSS can be achieved by harnessing the coupling between them, 
and that this coupling can be maximised by etching both arrays on opposite sides of the 
same dielectric substrate. It has also been shown that it is possible to tune the resonant 
frequency of an RFSS structure by displacing one relative to the other, so adjusting the 
coupling between arrays. Essentially these techniques produce electrically large 
elements from physically small ones and as a consequence push the resonance out of the 
influence of the grating lobe region, which otherwise would have a detrimental effect of 
the transmission performance. 
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APPENDIX 
The emphasis of the initial RFSS research was centred on the use of piezoelectric 
materials. During initial investigations the most suitable was found to be Polyvinylidene 
Flouride (PVDF). PVDF is a piezoelectric polymer available in relatively large sheets, 
which because of the potential applications makes it attractive for use in the RFSS, 
although its rather flimsy nature renders it physically not ideal. A second piezoelectric 
material considered was Lead Zirconate Titanate (PZT). This, however, is a piezoelectric 
ceramic and as such is very brittle, so it is inappropriate in applications where large areas 
are considered. It was, though, considered for use as a spacer between array layers where 
the separation between the layers could be varied, so producing the required 
reconfigurability. 
Investigation of PVDF. 
Piezoelectric materials are mechanically deformed when an electric field is applied to 
them. Conversely, when they have a mechanical force applied, so as to produce a 
compressive or tensile strain, they generate an electric charge. They are described by either 
the mechanical-electro stress constant, g, or the eletro-mechanical strain constant, d, which 
is the property considered for the PVDF. The various modes in which the PVDF can 
operate are described by Fig. A. 1 and Table A. I. The piezoelectric strain constant is 
defined as: 
d,,, b = 
strain 
=c 
applied field E 
where a and b are the strain indices described in Table A. 1. 
(A.! ) 
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PN'DF Strip 
Fig. A. 1. PVDF strip relative to Cartesian axes I- 
ry 
PIC/Oclectric Strain Coll"talit Movement 
Ilositivex direction 
Positivey direction 
.1 
Positive z direction 
Shear around x-axis 
Shear around N-axis 
Shear around zz-axis, 
Table A. 1. Piezoelectric strain constants 
The PVDF can operate in four different modes: d. j, (lencrth extension), (ý?,? (thickness C- 
extension), (114 (face shear) and di. i (thickness shear) although the niode considered here 
was d-;,. In order to produce the relative displacement between arrays the d.? l niode was 
considered for the PVDF, utilising the mechanical strain, c, which is defined by: 
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xY 
length extension 81 (A. 2) 
original length I 
Combining Eqns. A. 1 and A. 2 leads to 
, 51 = d,, bxExt 
(A. 3) 
It can be seen that to maximise the extension, the applied field, strain constant and original 
length must all be as large as possible. d3l for PVDF is 23pm/V, which suggests that a 
large applied field would be necessary to generate any meaningful extension. The 
electrodes on the PVDF are provided by a nickel on copper film, which is sputtered on at 
the time of manufacture, and has a thickness of around 250-500A. This is very thin and 
makes arcing a real hazard with high voltages. In fact, for a PVDF sheet of thickness 28gm 
and length 120mm, to achieve an extension of 80gm requires a voltage of 840V. Similarly, 
for PVDF which is II Ogm thick, a voltage of 3.3kV is required for the same extension. 
When the PVDF sheet is energised, the further any point on the sheet is away from the 
energising voltage source, the further that point will extend. This is because the extension 
is a cumulative effect along the length of the sheet. In order to achieve a uniform relative 
displacement, two sheets were energised in such a way that they extended in opposite 
directions. The principle here was that identical relative displacement of the sheets could 
be achieved over the whole area of overlap of the sheets. However, when the sheets were 
energised they did not remain flat; they tended to ripple rather than slide smoothly over 
one another which realistically meant that their functionality as an RFSS was limited. 
The modelling performed during the investigation of the PVDF sheets did, however, 
suggest that the principle of the relative lateral displacement of one array with another 
provided the desired reconfigurability. This led to the mechanically driven 
micropositioning test bed described in Chapter 2, which was successful in producing the 
desired displacements. 
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